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I have been indebted to several firms for figures and descrip- 
tions of their specialties, and to Mr. David Robertson, Mr. John 
S. Nicholson, and Mr. Charles J. Sellar for their assistance with 

extensions and proofs. 
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September 1898. 



PKEFACE. 



This Manual has been written expressly for First-year Students 
of Applied Mechanics. It therefore forms a suitable companion 
to the Author's Elementary Manuals on " Steam and the Steam 
Engine," and " Magnetism and Electricity," for it covers the Ele- 
mentary Stage of the Science and Art Department's Examination 
in Applied Mechanics. At the same time, the treatment of the 
subject is sufficiently general to satisfy the wants of other young 
Engineers. and Mechanics, who do not happen to have these 
Examinations specially in view. 

The book has been divided into four stages : — 

(i) Forces in Equilibrium and the Principle of Moments and of 
Work as applied to simple Machines, such as levers, pulleys, craneSf 
inclined planes, belt and wheel gearing, screws and screw gearing, 
with and without friction. 

(2) Hydraulics and Hydraulic Machines. 

(3) Laws of Motion, velocity, acceleration, centrifugal force, 
balancing fast-speed machinery, and accumulated work, 

(4) Properties and Strengths of Materials, chains, shafts, and 
beams. 

These sections have been treated systematically and practically. 
They are contained within twenty-four Lectures, but both teachers 
and students will find ample material to occupy their attention for 
fully twenty-eight lessons of one hour each. 

In some recent books on Mechanics an attempt has been made 
to deal with the " Laws of Motion," and the effects of motion on 
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solid bodies, before illustrating and explaining simple machines 
and hydraulics. The Author has found, from an experience of 
over twelve years' continuous teaching, that this new order is 
quite a mistake, for students get confused and disheartened at the 
very outset by a mass of formulae and problems which are far 
more difficult for them to understand than those relating to 
forces in equilibrium as applied to simple machines. 

Great stress has been laid on principles, definitions, uniformity 
of notation, and symbols. The explanations, illustrations, and 
examples are such as will enable students to apply leading prin- 
ciples to practical work, and teach them to think out and investi- 
gate results for themselves, rather than depend blindly on rules 
and formulae. 

In every Lecture a number of examples have been fully worked 
out, and, wherever possible, illustrated experiments have been 
described, so as to encourage students to carry out similar or 
more elaborate experiments in actual practice, rather than rely on 
rule-of -thumb proportions. 

At the end of each Lecture a series of carefully selected 
questions has been arranged in the precise order of, and relating 
solely to, each Lecture, so that teachers and students may have a 
minimum of trouble in finding suitable examples. Full advan- 
tage has been taken of the questions set annually by the Science 
and A-rt Department's examiner on this subject; in fact, all the 
more important questions which have appeared in the Elemen- 
tary papers for the last six years have been incorporated, with 
many others. 

The book, as a whole, will form an easy introduction to the 
Author's more Advanced Text-book upon the same subject, now 
in preparation. Consequently, all points requiring mathematical 
knowledge higher than has been herein employed, as well as 
descriptions of more complicated mechanisms, have been left 
over for treatment to the Advanced Course. 

In the preparation of the drawings the Author is indebted 
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for help to his students, Messrs. George W. Shearer, John A. 
Sloan, David A. Ramsay, and John F. Neilson, as well as to the 
following firms for working-drawings and illustrations of special 
machines and tools : Messrs. John Lang <fe Sons, toolmakers, 
Johnstone ; Messrs. F. & W. MacLellan, and Messrs. Loudon 
Brothers, Glasgow; Messrs. Weems & Co., Coatbridge; and 
Messrs. Holt <fc Willetts, of Cradley Heath. Finally, his thanks 
are due to Mr. It. M. Anderson for revising the proofs. 

If any errors should be observed by readers, the Author will be 
glad to have them pointed out, and to receive any suggestions 
tending to increase the usefulness of the book, his desire being, as 
far as possible, to keep it abreast of the times and of the wants of 
Students. 
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The First Edition has been carefully revised and added to. AD 
errors known to the Author have been corrected, and the ques- 
tions which were set at the 1893 Elementary Applied Mechanics 
Examination of the Science and Art Department have been 
inserted at the end of the several lectures to which they belong. 
He is indebted to the various reviewers and to Mr. G. H. 
Baxandall, Mr. A. A. Ellis, Mr. J. Kerr Reid, Mr. Chas. Forbes, 
B.Sc, Mr. J. W. Thomson, Mr. R. Proudlove, as well as to 
Mr. B. M. Anderson, who kindly assisted with the corrections 
and proofs. 

ANDREW JAMIESON. 

The Glasgow and West op Scotland 
Technical College. 
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INSTRUCTIONS TO BE FOLLOWED IN THE WRITING 

OF HOME EXERCISES. 

1. Put the date of handing in each exercise at the right-hand top corner. 

2. Leave a margin an inch wide on the left-hand side of each page ; and 
in the margin place the number of the question, and nothing more. 

3- Leave a space of at least three lines between your answers for remarks 
or corrections. 

4. Be sure you understand exactly what the question requires you to answer, 
then give all it requires, but no more. If unable to answer any question, write 
down its number and the reason why. 

5. Make your answers concise, clear, and exact; and accompany them, 
whenever practicable, by an illustrative sketch. 

6. Make all sketches large, open, and in the centre of the page, and do not 
crowd any writing about them. 

Note. — The character of the sketches will be considered in awarding the 
marks to the several questions. Neat sketches and an "Index to 
Parts," with the first letter of name of Part, will always receive more 
marks than a bare written description. 

7. Every sketch must be accompanied by an "Index to Parts" written 
immediately beneath it, and must accompany the answer it is designed to 
illustrate. 

Note. — The initial letter or letters of the name of the Part must be used, 
and not A, B, C, or 1, 2, 3, &c. 

8. Unless otherwise specially requested by the question, every sketch must 
be accompanied by a concise written description. 

9. Every answer which receives less than half of the full marks awarded to 
it, must be re- written correctly for next evening, before the usual class work 
and headed "Re-written" 

Rbuabks. — Students are strongly recommended to write out the answer in 
scroll first, and then to compare it with the question. After committing it to 
their book, they should then read it over a second time, so as to correct any 
errors tkey may thereby discover. Seasonable and easily intelligible contrac- 
tions are permitted. Students are invited to ask questions and explanations 
regarding anything they do not understand. Except in special cases, arrears 
of Home work will not receive marls. 

N.8. — Students who from any cause have been absent from a lecture, must 
tend a post-card or note of explanation to the teacher. If they miss any exercise 
or exercises, they must state the reason (in red ink, or underlined) in their exercise 
books when handing them in next night. If these rules are not complied with, 
then marks will be deducted. 
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LECTURE I. 

Contents. — Definition of Applied Mechanics — Force — Matter — Unit of 
Force — The Elements of a Force — Graphic Representation of Force* 
— Forces in Equilibrium — Action and Reaction — Resultant and Com- 
ponents — Resultant of Forces acting in a Straight Line. 

Applied Mechanics is that branch of applied science which not 
only explains the principles upon which machines are designed, 
made and act, but also describes their construction and applica- 
tions, as well as how to calculate and test their strength and 
efficiency. 

Before a student can successfully master any science, he must 
thoroughly understand the units of measurement that have been 
adopted in calculating results, and he should also have a clear 
conception of the exact meaning of the various terms employed. 
Consequently, we shall commence the study of Elementary Applied 
Mechanics with definitions and with units of force, work and 
power.* 

Force is any cause which produces, or tends to produce, motion or 
change of motion in the matter upon which it acts. 

Matter is anything which can be perceived by one or more of the 
senses, and which can be acted on by force. 

Matter exists under three conditions : (i) Solids, (2) liquids, 
(3) Gases. For example, pieces of wood and of iron are solids; 
kater and mercury are liquids ; whilst air and oxygen are gases. 

* For the units of length, surface and cnbio measure, and for the men* 
snration of areas and solids, the student is referred to Lectures I. II. and 
III. of Author's "Elementary Manual on Steam and the Steam Engine," 
tamed by the publishers of this book. 



4 lectum i. 

Bodies are therefore limited portions of matter. When the 
resistance to motion of a body is equal to or greater than the 
force applied, so that no motion takes place, the body is said to 
be subjected to pressure. 

Solids do not yield readily to pressure, for they tend to retain 
their original shape and size, whereas liquids and gases yield to 
a very slight pressure, and consequently possess no definite shape. 
A gas differs from a liquid since it possesses the property of 
indefinite expansion. A liquid has therefore a definite size, but 
not a definite shape, whilst a gas has neither definite shape nor 
definite size. 

Unit of Force. — The British unit of force is the pound avoir- 
dupois, or gravitation unit. The magnitude of a force is there- 
fore reckoned by the number of pounds which the force would 
support against gravity or by the weight in pounds which would 
produce the same effect. For example, a force of 100 lbs. means 
that force which' would just lift a weight of ioo lbs. if acted on 
by gravity alone. But the force of gravity varies at different 
parts of the earth's surface, being slightly greater at the Poles 
than at the Equator. Consequently, our unit is not an absolute 
or invariable one, although for applied mechanics it is the most 
convenient unit which could be employed.* 

The Elements of a Force. — When a force acts upon a body, 
then, in order to fully determine its effect we must know the 
three following elements: — (i) The point or place of application 
of the force. (2) The direction in which the force acts. (3) The 
magnitude of the force. 

(1) Place of Application. — In the case of the force of gravity 
acting on a body, the place of application may be considered to be 
the whole mass of the body, or we may estimate the whole weight 
of the body as concentrated at one point, termed the centre of 

* Where great accuracy of measurement is required an absolute or 
invariable unit of force must be selected. An absolute unit of force may be 
defined as that force which, acting for unit time on unit mass, wUl produce 
unit change of velocity. If the units of time, mass, and velocity be the 
second, pound, and foot per second respectively, then we may define the 
absolute unit of force (called the poundat) as that force which, acting for one 
second on a mass of one pound would produce a change in velocity of one foot 
per second. It has been determined experimentally that if a body be let 
fall freely in vacuo, near the earth's surface, the attractive force of the 
earth will produce a change of velocity every second of g ( = 32*2 nearly) 
feet per second. Clearly, then, the gravitation unit is g times the abso- 
lute unit. Hence the following relation between the gravitation and 
absolute units of force : — A force of one pound = g pounaals, or a force 
ofonepoundal s ijg pound. 
In this book the gravitation units of force and work will be used. 
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gravity of the body. When an extended surface is subjected to 
pressure, as in the case of a tank containing a liquid, or the piston 
of an engine subjected to the pressure of a gas, the whole area 
under pressure may be considered as the place of application. 
When a body is pulled by means of a rope, or pushed by means 
of a rod, or supported on a small area, then we consider the force 
as acting at a point. 

(2) Direction. — The direction of a force is the line or path in 
which it tends to move the body on which it acts. 

(3) Magnitude. — The magnitude of the force is the pounds 
pull or pressure which the force exerts upon the body on which 
it acts. 

Graphic Representation of Forces. — When a force acts on 
a body at a point, its three elements may be conveniently repre- 
sented as follows : — 

22lbs. . - . 

O 1 t 1 1 I 1 < < i I 1 1 ■>■■ 1 1 * < > « . 1 » - 

Oo fO W 20' P 

Scale Diagram of a Force. 

Where O represents the point oj application, the straight line, 
OP (with the arrow-head), shows the direction in which the force 
acts, and the length of the divided line, OP, indicates to scale the 
magnitude of the force.* 

Forces in Equilibrium. — (1) When any number of forces 
acting upon a body neutralize each other's effects (i.e., Leave the 
body in the same condition as to rest or motion as before the 
application of the forces), these forces are said to be in equi- 
librium. 

(2) Forces which are in equilibrium may be applied to or 
removed from a rigid body without altering its condition as to 
rest or motion. 

(3) Two equal and opposite forces destroy each other's effects ; 
and, conversely, no two forces can destroy each other's effects un- 
less they are equal and opposite. 

(4) A force will have the same effect at whatever point in its 
own direction it may be supposed to act ; and, conversely, if a 
force have the same effect whether it act at one or other of two 
given points, then the straight line joining these points (with the 
suitably directed arrowhead) will be the direction of the force. 

Action and Reaction. — (1) Whenever a fixed rigid body is 

* In the case of the above figure the force is represented as equal to 
22 lbs. Students will find it convenient to plot down the representation 
of forces in their exercise books to a scale of X V of an inch to a pound, or 
hundredweight, or ton, according to the values of the force*, 
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acted on by a force, then naturally there is at onoe set up in that 
body a secondary force, or a force of reaction, equal and opposite 
in direction to the primary force. 

(2) Hence action and reaction are equal and opposite, and 
neutralize each other's effects. 

For Example. — Suppose a weight is placed on a rigid horizontal 
table. In the table there is set up an opposiDg force or upward 
reaction which exactly counterbalances the downward force of the 
weight. If this were not the case, then motion would take place, 
and either the table would give way, or the weight would Fink 
through the table ! 

Resultant and Components. — (1) If any number of forces 
acting upon a body be replaced by a single force which shall have 
the same effect, then this force is termed the resultant of these 
forces, and the forces are called the components of their resultant. 

(2) The operation of finding the resultant of any number of 
forces is called the composition of forces ; and finding the com 
ponents is termed the resolution of forces. 

Resultant of Forces acting in a Straight Line. — (1) The 
resultant of any number of forces acting in the one direction 
along one straight line is equal to their sum, and acts in that 
direction. 

For Example. — Let P,P J P 3 P 4 be any four forces acting in one 
direction along one straight line, then their resultant — 

R = P t + P, + P, + P 4 

(2) If the forces do not all act in one direction, then the re- 
sultant is equal to the difference between the resultant of those 
acting in one direction and the resultant of those which act in 
the opposite direction, and has the direction of the greater of the 
two resultants. 

For Example. — Let PjPjP^ be any four forces acting along 
one straight line to the right hand or in a positive direction ; and 
Q,Q,Q, be any three forces acting along the same straight line, 
but in an opposite or left-hand or negative direction, and let 

Qi + Q, + Q, be less than P l + P f + P, + P 4 

Then the resultant, 

R = (P, + P, + P, + P,) - (Q, + Q, + Q,) 

and acts in the same direction as P 1 P 1 P t P 4 , and along the same 
straight line. 

If equilibrium existed between these two sets of oppositely 
directed forces, then their algebraical sum would be zero, or the 
resultant would vanish ; i.e., 

(P, + P, + P, + P 4 ) - (Q, + Q, + Q,) - R - O 
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A familiar illustration of the above reasoning, is the game of 
" the tug of war," when, say, a batch of sailors are pitted against 
a corresponding number of soldiers, each batch pulling their 
utmost at the opposite ends of a rope, and in opposite directions, 
with the view of obtaining a resultant. 

We shall return to the graphic representation of forces, <fcc., 
when we come to deal with the parallelogram and triangle of 
forces and their application to ascertaining the stresses on simple 
structures.* 

* We have intentionally made this Lecture a short one, and have not 
appended any questions, because at the first meeting of a session the lec- 
turer has to give a series of general instructions to his students, and the 
class is seldom so completely formed as to make it worth while setting any 
home work until the second meeting. 
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LECTURE II. 

Contents.— Work— Unit of Work— Examples I. IL III. IV.— Work done 
against a Variable Resistance — Example V. — Diagrams of Work — 
With Uniform Resistance — With a Uniformly Increasing Resistance — 
With a Uniformly Decreasing Resistance — With a Combination of 
Uniform and Variable Loads — Example VI. — Power or Activity — 
Units of Power — The Horse-power Unit — To find the IJorse-power of 
any working Agent— Example VII.— Usei of Squared Paper—Questions. 

Work. — If a force acts upon a body and causes that body to 
move through a distance, then the force is said to have done work. 
It does not matter how long the operation takes, whether a second, 
a minute, an hour, or a day, or even a year, the same amount of 
work is done by the force acting through the distance. Time, 
therefore, does not come into the question of estimating work 
done, but we must have a force overcoming a resistance through 
a definite distance. If the force applied be inadequate to over- 
come the resistance of the body to motion, then no work is done. 
The amount of work done therefore depends solely upon the pro- 
duct of the force applied (or the resistance overcome) and the 
distance through which it acts in its own direction. 

Or, Work = Force x Distance. 

Unit of Work.* — The unit of work, is the work done in over- 
coming it/nit force through unit distance. Now, since the British 
unit of force is the pound, and unit distance the foot, the British 
unit of work is called the foot-pound, and is therefore the work 
done when a resistance of i lb. is overcome through a distance of 
i foot. 

Example I. — If a weight of i lb. be elevated a vertical dis- 
tance of i ft. against the force of gravity, then i foot-pound of 

* In the case of heavy work the unit foot-ton is sometimes used in this 
country. A foot-ton simply means one ton raised one foot high against 
gravity, or a force of one ton exerted through a distance of one foot, or a 
resistance of one ton overcome for a distance of one foot. In Electrical 
Engineering the unit of work is the work done in overcoming a resistance 
of one dyne through a distance of one centimetre. It is called the Erg. 
Since the weight of i gramme is = 981 dynes, the work done in raising 
1 gramme through a vertical height of 1 centimetre against the force of 
gravity is 981 ergs or [g) ergs. One foot-pound » 1*356 x io 7 ergs. 
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work has been performed. If 10 pounds be elevated vertically 
through a distance of 10 ft., then result is (10 x io)= ioo ft. -lbs* 
of work. 



Fig. for Example III. 

7 





Unit op Work. 

W = I lb. weight. 
K = i lb. reaction. 



Illustrating Wobk Done. 

w = Weight in lbs. 
P = Pull in lbs. • 
Ij = Length in feet. 



Example II. — If a body offers a constant resistance to motion 
in amy direction of P lbs., and if it be forced along a distance 
of L ft., in that direction, then the work done is P x L ft.-lbs. 

Or, Work done = Force x Distance 

i.e. Foot-pounds = P lbs. x L feet. 

Suppose a cart with its load weighs W lbs. and offers a con- 
stant resistance of P lbs. to traction along a road, and that it is 
pulled through a distance of L feet ; then, 

The work done = P x L (ft.-lbs.) 

Example III. — In drawing a loaded cart along a level road, a 
horse has to exert a constant pull of ioo lbs.; how much work 
will be done in 10 minutes supposing the horse to walk at the 
rate of 6000 yards an hour ? 

Distance in feet through} 

which the resistance of I 6000 (yds.) x 10 (m.) x 3 (ft> ) 
100 lbs. is overcome in 10 f 60 (m.) 

minutes. ) 

„ „ = 3000 ft. 

"Work done in 10 minutes = PxL. 



» 



>> 



it 
it 



= 100 x 3000. 

= 800,000 ft.-lbs. 



Example IV. — A traction engine is employed to draw a loaded 
waggon along a level road where the resistance to be overcome is 
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ioo lba. per ton. Ho* many foot-pounds of work are expended 
in drawing 10 tons over ioo yards 1 




Traction Engine and Load. 



i. Tractive force = ioo lbs. per ton. 

2. Total pull, P, = ioo (lba.) x 10 (tons) 

3. Distance, L, = 100 (yds.) x 3 (ft.) 

4. Work done =PxL. 

„ „ - IOO X 10 X IOO X 3. 

„ „ - 300,000 ft. -lbs. 

Work Done against a "Variable Beaifltance. — If the resist- 
ance varies whilst the force overcom- 
ing it acts through a known distance, 
then the work done will be measured 
by the product of the average resist- 
ance and the distance. If the resist- 
ance varies uniformly, its average can 
be found by adding its values at the 
commencement and end of the motion, 
and dividing by two. 

Example V. — Explain the method of 
estimating the work done by a force, 
and define the unit of work. The sur- 
face of the water in a well is at a depth 
of 20 feet, and when 500 gallons have 
p been pumped out, the surface is lowered 

to 26 feet. Find the number of units 
Work Vabttno of work done in the operation, the 

Uniformly weight of a gallon of water being 10 lbs. 

(S. and A. Exam. 1887.) 
For an answer to the first part of this question refer to the 
previous part of this lecture. 

1. Weight of water raised =weight of 500 gallons. 
Or, . . . P, = 5000 lbs. 



\ 



\ 
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2. Mean height water is lifted = 



Or, . . . L, 

3. Work done . 



Distance through which the 
centre of gravity, G (of raised 
water), has been elevated. 

20 + 26 _ 
ft. 



» 



>> 



= 23 ft. 
PxL. 

5000 x 23. 
115,000 ft.-lbs. 



-toy*. •* 
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Diagram op Uniform Work. 



Diagrams of Work. — (1) Against a Uniform Resistance. — If 
the resistance overcome is uniform, then the work done may be 
graphically represented by the area 
of a rectangle. 

To find the work done in over- 
coming a uniform resistance of 
5 lbs. through a distance of 10 ft. : 
Plot down a vertical line to any 
convenient scale to represent P (or 
5 lbs.) and a horizontal line to the 
same scale to represent L (or 10 ft.) Then complete the rectangle. 

The area PxLor5x 10=50 ft.-lbs. of work. 

In the accompanying figure a scale of ^ inch has been used 
to represent both 1 lb. and 1 ft., consequently each of the small 
squares represents to scale one foot-pound of work. 

(2) With a Uniformly Increasing Resistance. — If the resist- 
ance uniformly increases — for ex- 
ample, in the raising of a length of 
rope or chain vertically by one end 
from the ground, then the work 
done may be graphically represented 
by the area of a right-angled triangle, 
where P represents the total weight 
of chain in lbs., and L its total 
length in feet. 




—L^*.— — — .—• . 



Diagram op Work for an 
Increasing Resistance. 



• • 



The Total Work done 



PxL 



ft.-lbs. 



Here the work done per foot of length of chain lifted, uniformaly 
increases from a minimum to a maximum, until the whole rope 
or chain is off the ground. When any known length, I, has been 
lifted, then the area enclosed by the triangle whose horizontal 
side is I, and vertical side p represents the work done. 
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(3) With a Uniformly Decreasing Resistance. — If the resistance 

uniformly decreases, as in the case of 
winding a rope or chain upon the 
barrel of a winch or crane, then the 
work done will also be represented 
graphically by the area of a right- 
angled triangle, where P represents 
the total weight of rope or chain in 
pounds being lifted at the start, and 
L its length in feet. 




-L/l; 



Diagram op Work for a 
Decreasing Resistance. 



...The Total Work done = ^ft.-lbs. 



Here the work done per foot of length of chain lifted, gradually 
diminishes from a maximum at the start to a minimum, when the 
last foot is being lifted. 

As in Case (2), you can at any time know the work done or still 
to be done from the scale diagram, if you know the length of chain 
lifted or to be lifted. 

For example, if I feet have still to come on to the barrel, then 
the vertical ordinate p on the scale diagram will represent the 

pull being exerted at the time, and consequently 2J1 — represents 

2 

the work still to be done. 

Or, generally, with any gradually 
increasing or decreasing resistance 
the work done is equal to the mean 
of the average resistance in lbs. 
x the distance through which it 
acts in feet. 

(4) With a Combination of Uni- 
form and Variable Loads. — When 
one part of a load is uniform and 
another part variable, as in the case 
of lifting a weight with a chain, 
by winding the chain on the barrel 
of a winch or crane, the diagram 
of work for the uniform load is 
naturally a rectangle, and for the 
chain a triangle if the chain is 
completely wound on to the barrel, 
or a trapezoid if there is still some 
portion of it to be lifted.* 
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Diagram of Work for a 
Combination of Uni- 
form and Variable 
Loads. 



* See p. 5 of the Author's " Elementary Manual on Steam and the Steam 
Engine "lor how to find the Area of a Trapezoid. 
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Let P . » the uniform pull required to lift the load or over- 
come the uniform resistance. 
L . ■* the distance the weight is lifted. 
p v p % -the weights of chain hanging at the commence- 
ment and at the finish of the lift. 
Work done in lifting the uniform load = P x L 

"Work done in lifting the variable load =4jLL£_! x L 

2 

• ••Whole work=PxL+?L±2ixL=(P + ?i±£AL 

2 2 / 

w „ m Area of the figure, DEFO. 

The diagram DEFO represents the work done and also 
the variation of the resistance during the lift. The rectangle 
ABOD represents the work done in overcoming the uniform load, 
and the trapezoid ABFE the work done in overcoming the 
variable load. The resistance at any instant of the lift will be 
represented by the vertical line drawn from the horizontal base 
DO to the inclined line EF through the point on DO or AB 
which represents the position of the load at that instant. The 
part of this vertical line intercepted between AB and EF will 
represent the resistance offered by the variable part of the load 
at the instant considered. Thus, at the commencement of the 
lift the total resistance is P +p l and represented by DE, at the 
end of the lift the total resistance is P + p, and represented by 
OF. At \j J, and f of the lift the total resistances are repre- 
sented by the vertical lines GH, KL, and MN respectively, while 
the resistances due to the variable part of the load at these points 
are represented by the lengths ^H, kit, and ?»N respectively. 
If the final resistance due to the variable part of the load was 
zero (as would be the case if the whole of the chain were wound 
on to the barrel) then the diagram of work for this part of the 
load would be the triangle AEB. 

Example VI. — Explain fully the mode of measuring the work 
done by a force. What unit is adopted ? A weight of 2 cwts. 
is drawn from a mine, 30 fathoms deep, by a chain weighing 1 lb. 
per linear foot ; find the number of units of work done. (S. and 
A. Exam. 1893.) Also find the resistance offered when the 
weight has been raised through J, J, and £ of the whole depth 
respectively. 

Answer. — (1) The work done by a force is measured by the 
product of the force into the distance through which that force 
moves in its own direction. If P be the force in pounds, and L the 
distance in feet through which it moves in its own direction, then, 

Work done « P x L f t.-lbs. 
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(2) The unit of work adopted in this country is the work done 
when a force of one pound is moved through a distance of 1 foot, 
and is called the foot-pound (ft.-lb.). 

(3) Referring to the previous figure, make AB to represent 
30 x 6 = 180 ft., the depth of the mine, AD to represent 2x112 
= 224 lbs. the weight of material raised, AE to represent 
1 x 180= 180 lbs. the weight of chain at beginning of lift. Then 
assuming the whole of the chain to be wound up, complete the 
rectangle ABOD, and join E and B. The area of the figure 
DEBC then represents the work done. 

. • . Work done = area DEBC = J (DE + CB) x AB. But DE « 
DA + AE = 224 + 180 = 404 lbs. 
OB = DA =224 lbs., AB=i8o ft. 

• • • Work done = \ (404 + 224) x 180 ft.-lbs. = 56,520 ft.-lbs. 

(4) The resistance at \ lift, or when the weight has been raised 
45 ft., is GA = G^+^«224 + |x i8o = 359 lbs. 

At \ lift the resistance is Kl = K& + Id = 224 + \ x 180 = 
314 lbs. 

At f lift the resistance is Mw = Mm 4- mn =224 + ^x 180 = 
269 lbs. 

Power or Activity is the rate of doing work.* — In estimating 
or testing the power of any agent the time in which the work is 
done must be noted and taken into account. Consequently, we 
speak of the activity or power of a man, of a horse, or of an 
engine, as capable of doing so many foot-pounds of work per 
minute. 

Units of Power, t — The unit of power adopted in this country 
is called the horse-power. It is the rate of doing work at 33,000 
ft.4bs. per min. % or 550 ft.Abs. per see., or 1,980,000 ft.-lbs per 
hour. 

The Horse-power Unit was introduced by James Watt, the 
great improver of the steam engine, for the purpose of reckoning 
the power developed by his engines. He had ascertained by 
experiment that an average cart-horse could develop 22,000 foot- 
pounds of work per minute, and being anxious to give good value 
to the purchasers of his engines, he added 50 per cent, to this 
amount, thus obtaining (22,000+ 11,000) the 33,000 foot-pounds 
per minute unit, by which the power of steam and other engines 
has ever since been estimated. 

* The word power is very frequently misapplied by writers and students, 
for they often call the mere pull, pressure, or force exercised on or by an 
agent the power. Students should strenuously avoid this misuse of the 
word power, and never employ it in any other sense than as expressing a 
rate of doing ivork, or activity. 

t In Electrical Engineering the Unit of Power is called the Watt, and it 
equals io 7 ergs per second, or 746 Watts = 1 horse-power. 
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To find the Horsepower of any Working Agent. — Divide 
the number of foot-pounds of work which it does in one minute by 

33»°°°- 

Let P = Pull exerted or resistance overcome in pounds. 
L = Length or distance through which P acta. 
M = Minutes the agent is at work. 
H.P. = Horse-power. 
Then, 
H P - P*L . p _ H.P. x 33000 xM . » = H. P. x 33000 x VL 
33000 xM ' "" L ' P 

Example VII — In what way is the rate of doing work measured 
in horse-power ? 

If 40 cubic feet of water be raised per minute through 330 feet, 
what horse-power of engine will be required, supposing that there 
is no loss of friction or other resistances ? Note. — 1 cubic foot of 
water weighs 62 J lbs. (S. and A. Exam. 1892). 

Answer. — The rate of doing work, as measured in horse-power, 
is equivalent to 33,000 foot-pounds of work done per minute. 

1 st. 1 cubic foot of water weighs 62 £ lbs. 

• •• 40 cubic feet of water weigh 40x62^ = 2500 lbs. 

j tit i a • x PxL 2*00 (lbs.) x **oft. 
2nd. Work done per minute = -^—— ■* -^ — ^ '- — ^ 

M 1 

3rd. .-. H.P PxL 25ooxj3o = 825000 = 25 

33000 x M 33000 x 1 33000 

Note. — Students will find it a great advantage, as well as a sav- 
ing of time not to multiply figures together until the last stage of 
the answer has been reached, and then to cancel all common 
factors in numerator and denominator. For example, in the 
answer to the above question we might proceed thus — 

1st. 40 cubic feet of water = 40 x 62 J lbs. 

2nd. Work done per minute = 40 x 62J x 330 ft.-lbs. 

4 1 

3rd. ••• Horse-power of engine = — — -r^- 2 - 

m 

10 

...H.P.=42L 6 i;5 = ^o = 25 

10 10 

The process consists in this — the factor, 330, can be cancelled 
from numerator and denominator, leaving 100 as the denominator. 
The factor, 10, can then be divided out of 40 in the numerator 
and from the 100 in the denominator, thus leaving 4 x 62 J as the 
numerator and 10 as the denominator. The remainder of the 
work is evident. 
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Uses of Squared Paper. — Squared paper is made by drawing 
a number of equally spaced horizontal lines and crossing these by 
vertical ones at the same distance apart. The paper is conse- 
quently covered with a large number of little squares, the sides of 
which are usually one-tenth of an inch in length. In order to 
facilitate the measurement of distances, every tenth line, and some- 
times every fifth, is heavier or of a different colour to the others. 

By the aid of squared paper we can graphically represent how 
two varying quantities depend upon each other. For example, 
take the case of a chain being gradually lifted from the ground, as 
already considered in connection with diagrams of work and 
shown by the first of the following figures. The length and 
weight of chain lifted will alter as the upper end is raised ; but 
the suspended weight will always depend upon the length which 
hangs freely from the spring balance. In fact, any change in the 
length lifted will produce a corresponding change in the load 
registered by the balance. If we note the pull indicated by the 
balance for different lengths of hanging chain, we shall be able to 
obtain a line or curve which will show to the eye how these two 
quantities depend upon one another. Suppose we obtain the 
following results : — 



Length of ^ 
chain lifted V 
in feet. J 


I 


2 


3 


3'5 


4 


5 


6 


7 


8 


9 


TO 


Weight on 
chain lifted V 
in lbs. J 


o-8 


1 '4 


2*0 
21 


2 '5 


27 


3*5 


4 '3 


5o 


5'6 


6*2 


7*o 


Corrected ^j 
values in > 
lbs. J 


07 


I '4 


2*45 


2-8 


3*5 


4 '2 


4*9 


5*6 


6*3 


7'Q 



We shall represent the lengths of the hanging chain by horizon- 
tal distances which are termed abscissce, and the corresponding 
weights by vertical distances called ordinates. We choose such a 
scale for these quantities as will enable us to get them all upon 
the squared paper ; at the same time we keep the scales as largo 
as possible. In this case we have chosen five divisions horizontally 
to represent one foot, and five divisions vertically for one pound. 
It is, however, not necessary to adopt equal scales for abscisste 
and ordinates, but we should select the most convenient scale for 
each according to circumstances. 
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To find the point corresponding to the fourth column in the 
table, take B at 35 on the horizontal scale, and C at 2-5 on the 
vortical one. Draw B A vertically and C A horizontally. Then, 
the intersection of these two lines is the point required. In 
practice, these lines are not actually drawn, but tho point is 
found by the eye with the assistance of the lines on the paper, and 
a x or is placed to mark its position. When all the points have 
been thus plotted from the table, we draw a mean line or curve 
between them. In this case, it is a straight line passing through 



Hanging Chain. Squared Papbb. 

Relation between Length and Weight of Chain. 



the origin O. It will be seen that this line does not pass through 
all the points, but that some of them ore on one side and some on 
the other, This may be due to errors of observation or to 
irregularities in the chain. If we know that the chain is uniform, 
the points ought to lie along the straight line we have drawn, 
and we can correct for errors of observation. Thus, the point A 
should have been at D, and the correct weight for that length of 
chain is represented by B D, which is 2-45 lbs. We can correct 
the other values in the same way, and so obtain the numbers 
shown in the third line of the table. 

When the points lie approximately in a straight line, the 
nearest mean straight line is best found with the help of a fine 
thread which is stretched and moved among the points until it 
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lies most evenly amongst them. The positions of its ends iire 
then marked and a line drawn with a straight-edge through these 
marks. When the points do not lie near a straight line a smooth 
curve may be drawn through them, either freehand, or by aid of 
French curves, a thin strip of wood or steel, or Clark's patent 
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adjustable curve. This consists of a flexible strip of celluloid 
with a brass loop A, for the thumb of the left hand, and another 
B, for the second or third finger, as shown by the accompanying 
figures. Now, if these two loops are drawn together the celluloid 
will be formed into some curve, the shape of which can he ad- 
justed by moving the sliding rod C with the right hand and 
fixing this curve by means of a cord (not shown in the figure) 
joining B with a V-shaped groove in A. It may also be used as 
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a set curve for the purpose of transferring a curve from one 
drawing to another. 

When we represent distances along one scale of the squared 
paper and forces along the other, then the areas such as O D B 
indicate to scale the work done in raising the length of chain O B. 
This is true, whether the line O D is straight or curved. We 
can, however, represent any two quantities which depend on one 
another by a curve on squared paper. Thus we may draw curves 
. showing the relation between pressure and travel of piston io a 
- steam engine, stress and strain in a piece of material under test, 
tension and elongation in a spring, load on a machine such as a 
pulley block and the effort required, and many other things. As 
an example, the student should plot two curves from the table in 
Lecture XXIII., one showing the horse-power transmitted by, 
say, a two-inch shaft at different speeds, and the other that 
transmitted by different sizes of shafts at, say, ioo revolutions 
per minute. The former will be a straight line and the latter a 
curve. 
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I 8 LECTURE n. — QUESTIONS. 

Leotubb II.— Questions. 

i. Define the unit of work. What name is given to this unit ? In draw- 
ing a load a horse exerts a constant pull of 120 lbs. ; how much work will 
be done in 15 minutes, supposing the horse to walk at the rate of 3 miles 
an hour ? (8. and A. Exam. 1891.) Ans. 475,200 ft. -lbs. 

2. How is the work done by a force measured ? The resistance to trac- 
tion on a level road is 150 lbs. per ton of weight moved ; how many foot- 
pounds of work are expended in drawing 6 tons through a distance of 150 
yards ? An*. 405,000 ft. -lbs. 

3. Distinguish between force and work done by a force. How is each 
respectively measured ? A traction engine draws a load of 20 tons along 
a level road, the tractive force on the load being 150 lbs. per ton. Find 
the work done upon the load in drawing it through a distance of 500 
yards. (S. and A. Exam. 1888.) Ans. 4,500,000 ft.-lbs. 

4. Find the number of units of mechanical work expended in raising 
136 cubic feet of water to a height of 20 yards. The weight of a cubic 
foot of water is 62} lbs. Ans. 510,000 ft.-lbs. 

5. A weight of 4 tons is raised from a depth of 222 yards in a period of 
45 seconds ; calculate the amount of work done. Ans. 5,967,360 ft.-lbs. 

6. A hole is punched through a plate of wrought-iron one-half inch in 
thickness, and the pressure actuating the punch is estimated at 36 tons. 
Assuming that the resistance to the punch is uniform, find the number of 
foot-pounds of work done. Ans. 3360 f t.-lbs. 

7. How is work done by a force measured ? Give some examples. Set 
out a diagram of the work done in drawing a body weighing 10 lbs. up a 
smooth incline 4 feet high, marking dimensions. (S. and A. Exam. 1889.) 

8. A train of 12 coal waggons weighing 133 tons is lifted by hydraulic 
power (two waggons being raised at a time) through 20 feet in 12 minutes. 
Estimate the work done in foot-tons. Taking the average of work done, 
how many foot-pounds are done per minute ? (S. and A. Exam. 1890.) 
Ans. 2660 ft. -tons ; 496,533.3 ft.-lbs per minute. 

9. The plunger of a force-pump is 8J inches in diameter, the length of 
the stroke is 2 feet 6 inches, and the pressure of the water is 50 lbs. per 
square inch ; find the number of units of work done in one stroke, and 
plot out a diagram of work to scale. Ans. 7516*5 ft. -lbs. 

10. A chain 30 feet long, and weighing 100 pounds per yard, lies coiled 
on the ground. Find by calculation and by a scale diagram of work how 
many units of work would be expended in just raising it by the top end 
from the ground. Ans. 15,000 ft. -lbs. 

11. A chain, weighing 30 lbs. to the fathom, is employed to lift 1 ton to 
a height of 30 ft. by winding the chain on a barrel. Find by calculation 
and by a scale diagram of work, how many units of work will be expended 
— (a) when the outer end of the chain is brought home to the barrel ; 
(b) when 18 feet of it are still hanging free with the weight at the end of it.' 

12. Define the following mechanical terms : — Force, work, unit of work, 
* power, activity, and horse-power. A horse drawing a cart at the rate of 
> 2 miles per hour exerts a traction of 156 lbs. ; find the number of units of 

work done in one minute. Ans. 27,456 ft.-lbs. 

13. In what way is the rate of doing work measured in horse-power? 
If 100 cubic feet of water be raised per minute through 330 feet, what 
horse-power of engine will be required, supposing that there is no loss by 
friction or other resistances? Ans. 62*5 h.p. 

14. If a horse, walking at the rate of 2j miles per hour, draws 104 lbs. 
out of a well by means of a cord going over a wheel, how many units of 
work would he perform in one minute F Ans. 22,880 ft. -lbs. 
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15. What unit do you employ in measuring force, and what unit in 
measuring the work done by a force 1 A horse exerting a pull of 40 lbs. 
per ton draws a load of 15 cwt. along a level road ; how far will the horse 
travel in 10 minutes if he does work on the load at the rate of £ horse-' 
power ? (S. and A. Exam. 1894.) 

16. Distinguish between the expressions "foot-pound" and "horse- 
power" by giving a clear definition of each. A bucket when filled with 
water weighs 180 lbs., and is raised at a uniform rate from a depth of 
150 feet in eight minutes. Find the work done in one minute. (S. and 
A. Exam. 1895.) 

17. What work in footpounds is done in raising the materials for 
building a brick wall 50' high, 12' long, and 2' 3" in thickness) if one cubic 
foot of brickwork weighs 112 lbs. ? (S. and A. Exam. 1897.) 

18 A man of 150 lbs. climbs a hill regularly 1200/ vertically per hour ; 
at another time he climbs a staircase at 2}' per second ; in each case find 
the useful horse-power in lifting himself. (S. and A. Exam. 1897.) 

19. An express train going at 40 miles per hour weighs 150 tons ; the 
average pull on it is 12 lbs. per ton, what is the horse-power exerted? 
This power is only 40 per cent, of the total indicated power of the engine ; 
find the indicated power. (S. and A. Exam. 189S.) 

20. Water at 750 lbs. per square inch pressure acts on a piston one 
square foot in area, through a stroke of 1 foot ; what is the work that such 
water does per cubic foot ? and per gallon ? If an hydraulic company 
charges 18 pence for a thousand gallons of such water, how much work is 
given for each penny ? (S and A. Exam. 1898.) 

21. Explain how squared paper is used, and mention a few of the pur- 
poses to which it is applied. 

22. Plot out a curve from the following data showing the pressure on a 
piston at various distances from the commencement of the stroke : — 
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LECTURE III. 

Contents. —The Moment of a Force— Principle of Moments applied to the 
Lever — Experiments I. II. III. — Pressure on and Reaction from the 
Fulcrum— Equilibrant and Resultant of two Parallel Forces— Couples 
— Centre of Parallel Forces or Position of Equilibrant and Resultant — 
Centre of Gravity— Examples of Centre of Gravity — The Lever when 
its weight is taken into Account — Examples I. II. — Position of the 
Fulcrum — Example III. — Questions. 

The Moment of a Force, with respect to a point, is equal to the 
force multiplied by the perpendicular distance from the point to its 
line of action. 

For example, suppose a body to be resting on the point O, and 
a force, P, to be applied to the body in the direction PA. Then, 
if the perpendicular distance from O 
to the line of action of the force be 
OA, the moment of the force P, tending 
to turn the body about the point O, is 
P x AO. If the force be reckoned 
in pounds, and the perpendicular dis- 
tance in feet, the product will be in 
pounds-feet. The student must there- 
fore avoid confusing the answer with 
ft.-lbs. of work. 

Principle of Moments. — If any number of forces act in one 
plane on a rigid body, and if these forces are in equilibrium ; then 
the principle of moments asserts that the sum of the moments of 
those forces which tend to turn the body in one direction about a 
point } is equal to the sum of the moments of the forces which tend to 
turn the body in the opposite direction about the same point. 

Or, to state the principle more concisely, the opposing moments 
about the point cure equal when equilibrium exists. 

If the moments of those forces which tend to turn the body to 
the right hand (i.e., in the direction of the motion of the hands 
of a clock) be called positive ( + ), and the moments of the remain- 
ing set of forces which tend to turn the body to the left hand (i.e., 
in the opposite direction to the movement or the hands of a clock) 
be called negative ( — ), then the algebraical sum of the moments of 
the forces which act in one plane, and which are in equilibrium 
about a point, is zero. 
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Principle of Moments applied to the Lever. — A lever is 
simply a rigid rod, bar, or beam, capable of turning about a fixed 

point called the fulcrum (F). Act- 
ing on the lever in one direction is a 
force or set of forces which we shall 
term the pull or pressure (P), and 
in the other direction there is the 

^ resistance or set of resistances to be 
overcome, which we shall term the 
A l weight (W). The pressure, P, and 
]p the weight, W, produce a reaction 
^ at the fulcrum, which is called the 
equilibrant (E). 
g The parts of the lever between 

9*1 the fulcrum and the pressure and 

t between the fulcrum and the weight 

O are called the arms of the lever. 
w . The accompanying three figures 

Levers in Equilibrium. show three ways in which F, P and 

W may be arranged with a straight 
lever.* In each case, the opposing moments about the fulcrum are 
equal, when the lever is in equilibrium. 

Or, . . P x AF = W x BF 

satisfies the conditions for equilibrium in the case of a lever. 

Experiment I. — To prove the foregoing statements, take a 
rigid homogeneous bar, AB, of uniform section. Let the bar be 
of yellow pine, i inch deep, £ inch broad, and 32 inches long. 
Attach to the ends, A and B, light flexible cords with small hooks 
at their lower ends, and attach to the middle of the bar at F 
another light flexible cord, and pass this cord over a pulley having 
a minimum of friction at its bearings. Fix such a weight to the 
free end of this middle cord as will just counterpoise the bar and 
cords. Test the accuracy of this preliminary adjustment by 

* The levers represented by the above three figures are assumed to be 
without weight. A force, P, acts through a perfectly flexible, weightless 
cord at A, and another force, W, acts also through an exactly similar 
cord at B, with the fulcrum at F in each case. In the second and third 
case the cord attached at A passes over a frictionless pulley in order to 
give the necessary direction to the force P. These three relative positions 
of P, W and F used to be termed the first, second and third order of levers; 
but there is no necessity for any such distinction, since all the student has 
to remember is this, that when equilibrium exists the opposing moments 

'about the fulcrum are equal, ».«., (P x AF = W x BF), or, — = 5?, or — = — 
v . ._ 1 » i\ " w AF > p BF 

;The ratio W to P is termed the theoretical advantage of the lever. 
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observing whether the bar hangs horizontal, and, if pulled down 
or up a little, whether the weight balances the bar and cords. 
Now affix equal weights, P, of, say, 4 oz., to the cords hanging 



 i&'~— 



A 



jjE-S oz. 
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* 
R-fi or. 



P-4 oz. 

Experiment I. on Parallel Forces. 

from the ends A and B, and add an equilibrating weight, E, of 
8 oz. to the end of the central cord. You will find that the bar 
will come to rest in a horizontal position, thus proving that — 



P x AF = P x BF 




i.e., 4 (oz.) x 16" = 4 (oz.) x 16" 




Or, P : P :: BF : AF 




i.e., P _ BF 16 _ 4 


1 


P AF 16 4 


1 


Also, that the equilibrant, 




E = P + P 




8 oz. *= 4 oz. + 4 oz. 





If P and P are now removed from the ends A and B, and a 
single weight, R, of 8 oz. be hung from F (as represented by the 
vertical dotted line and arrow), the result as far as the balancing 
of the system is concerned will be unaffected. 

Consequently, R = E = P + P 
i.e. , 8 oz. = 8 oz. = 4 oz. + 4 oz. 

Or, the resultant of two equal parallel forces acting in the same 
direction is equal to the sum of the two forces, and acts midway 
between them and parallel to them — i.e., at the same point as the 
equilibrant, and in the same line therewith, but in the opposite 
direction. 
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Experiment II. — Take another rigid homogeneous bar, AB, of 
the same uniform section as the previous bar, but let its length 
be 24 inches. Attach cords with hooks to the ends A and B, and 
to a point F, say 8 inches from A and 16 inches from B. Pass 
this latter cord over the guide-pulley, and fix it there until you 
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Experiment II. on Parallel Forces. 



have just added sufficient weight to the end A to balance the 
longer end BF; then unfix the end of the middle cord, and 
attach such a weight to it as will counterpoise the whole system. 
Now attach to the cord at A a weight P= 16 oz. ; to the other 
end, B, a weight Q ; and a weight at E, so as to again balance 
the whole system. It will be found that Q equals 8 oz. and 
E equals 24 oz., thus proving that — 



P x AF = Q x, 
16 (oz.) x 8" = 8 (oz.) x 

P :Q :: BF : AF 


BF 

16'' 




P _ BF _ 16 _ 2 
Q AF 8 1 







Or, 



VaC/.l 



Or, the point F is twice the distance from the end B that it is 
from the end A, and P has twice the value of Q. 
Also, that the equilibrant, 

E = P + Q 

For, 24 oz. = 16 oz. + 8 oz. 

If P and Q be now removed from the cords at A and B, and a 
single weight, R, of 24 oz., be hung from F (as represented by 
the vertical dotted line and arrow), the result, as far as the balanc- 
ing of the system is concerned, will be unaffected. 
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Consequently, R - E = P + Q 
For, 24 oz. = 24 oz. = 16 oz. + 8 oz. 

Or, the resultant of any two parallel forces acting in ike same 
direction is equal to the sum of the turn forces, and acts parallel to 
them and at a point between them, so that the ratio of the forces is 
inversely proportional to their distances from the point ; or so that — 

P : Q :: BF : AF 

Pressure on, and Reaction from, the Fulcrum. — You may 
also conclude from these two experiments, if the lever had 
been balanced on a knife-edge or journals, that the pressure on 
the fulcrum due to the forces P and Q would have been equal to 
and act in the direction of the resultant R, and that the reaction 
from the fulcrum would have been equal to and act in the 
direction of the equilibrant E. 

Experiment III. — Supposing that in the last experiment, after 
adjusting the lever by placing a counterpoise weight at A, in order 
to bring the beam to a horizontal position, and after balancing 
the weight of the beam and cords by an equivalent weight at 
position E, you added a weight Q, of 8 oz., to the cord at B, and 
a weight E, of 24 oz., to the cord attached at F, the beam would 
turn, and would only be brought to a horizontal position by 
attaching a weight at A of 16 oz. Hence you observe that P 
acts at A as the equilibrant both in direction and magnitude to 
the two unequal parallel unlike forces Q and E. Consequently 
a force equal and opposite in direction to P would be the resultant 
of the two forces Q and E ; and it would replace their combined 
effect on the balanced beam. 

Further, P = E - Q; 

for, 16 oz. = 24 oz. - 8 oz. 

And the moments about the position where the equilibrant acts 
are equal, 

for Q x BA = E x FA 

i.e., 8 (oz.) x 24" -> 24 (oz.) x 8" 

Equilibrant and Resultant of Two Parallel Forces. — 
From the above experiments you conclude that the equilibrant 
and the resultant of any two like parallel forces are equal to 
their sum, and any two unlike parallel forces are equal to their 

difference. 

Couples. — When the two parallel forces are equal and act in 
opposite directions upon a body, they are termed a couple. The 
perpendicular distance between the two forces is termed "the 
arm of the couple," and the " moment of the couple " is the product of 
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one of the forces and the arm. A couple simply tends to cause 
rotation of the body upon which it acts, for it has no resultant, 
since 

R = P - P = O. 

One couple can, however, be equilibrated or balanced by another 
couple of an equal moment, acting in the dame plane, and tending to 




A Couple. 




TWO BALANCING COUPLES, 



turn the body in the opposite direction. In the accompanying 
figure the couple P,AB,P will be balanced by the couple Q,OD,Q \ 
if their moments are equal ; i.e., if 

P x AB = Q x OD.* 

"We shall frequently have to refer to practical examples of 
couples, such as in a ship's capstan, tho screw press used in copy- 
ing manuscript, pressing bales of goods, and the fly press for 
punching holes in thin plates, *or for stamping or embossing 
metals, <fcc. 

Centre of Parallel Forces, or Position of Equilibrant 
and Besultant.— From Experiment III. and the accompanying 
figure to Experiment II., you conclude that the position where 
the equilibrant and resultant act is such, with respect to the 
positions where the forces act, that the moments of the forces 
about that position are equal and opposite in effect upon the 
lever. 

For, Q x BA = E (orR) x FA; or, 5 = ^ 

' ' E BA 



* Let P ^ 8 lbs., and Q 
Then, P x AB 



Or, 



8 x 



10 

So 



10 lbs. ; AB 
Q x CD 
io x 8 
8o 



= io ft. and CD = 8 ft. 
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i.e., 8 (oz.) x 24" = 24 (oz.) x 8" ; or, 



8 _ 8_ = i 
24 24 3 

P FB 

AndP x AB = E(or K) x FB; or, ~=^ 

/ \ ,n 16 l6 2 

i.e., 16 oz. x 24" = 24 (oz.) x 16 '; or, _«-_=_ 

24 24 3 

The fulcrum F, where the equilibrant and resultant act, is 
termed the centre of the two parallel forces, and it is J of the 
length of the lever from one end, and § from the other end. 

Reasoning generally from this particular case, if you have 
any two unequal unUke parallel forces, P and Q, acting on a 
body in the directions AP and BQ respectively, and of which Q 




Centre of Parallel Unlike Forges. 

is the greater force, then if the line AB be drawn perpendicular 
to the directions of these forces, and prolonged, a single force E, 
parallel to P and Q and equal to Q — P, will balance these two 
forces at a point C, so that the moments about C are equal and 
opposite ; or, 

P x AC = Q x BC 

Further, a force R, equal and opposite to E, acting at C, will 
represent the resultant of P and Q. This 'point, C, is termed the 
centre of the parallel forces. 

The position of the point C, which is determined by the above 
equation, is not affected by the directions of the forces so long as 
they act at the same points A and B, and have the same mag- 
nitudes. 

You may imagine any number of parallel forces acting in one 
plane being replaced by a single force. For in the above case 
you have formed a resultant, R, for the two forces P and Q ; 
consequently you could find a resultant, R p for R and any other 
parallel force — say S ; and so on for any number. 
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The final resultant of the whole of the forces would act at a point 
which would be t/ie centre of the system of the whole of Ute parallel 
forces acting on the body. 

Centre of Gravity. — Since gravity attracts towards the earth 
each particle of matter of which a body is composed, the weight 
of a body may be considered as the sum of a system of parallel 
forces. The centre of these parallel Jorces is called the centre of 
gravity of the body, and is the point where the resultant of the 
weights of all the particles composing the body acts. 

The following statements in small type, which are generally 
proved as propositions and corollaries in books on Elementary 
Theoretical Mechanics, should be remembered by the student : — 

i. If a body is symmetrical, the centre of gravity (or eg. of the body) coin- 
cides with the centre of the mass. 

2. If a body be uniform, the eg. coincides with the centre of volume. 

3. In a very thin plate of uniform density the eg. coincides with the 
centre of surface. 

4. If the e.g. of a body be determined for any one position of the body, 
the same point is the e.g. for every other position. 

5. If a body be supported on its centre of gravity, the body will balance 
in any position. Or, a body will balance about its c.g. in all positions. 

6. If a body balance in all positions about a straight line through it, the 
eg. lies in that line. 

7. If the eg. be vertically above or below the point of support, the body 

will rest in that position. Hence, if you balance or support a body from 

two different points, the c.g. lies in the intersection of the two vertical 

lines from the two points respectively. Or, if you balance a body on an 

edge, (he eg. is in the vertical plane passing through that edge. Balance 

it again on a different edge, thus finding another plane which passes 

through the eg. Then the eg. lies in the straight line constituting the 

intersection of the two planes. Balance the body for a third time in 

another position, then the point where this third vertical plane intersects 

with the straight line will be the c.g. of the body. 

8. The eg. of regular geometrical bodies may easily be found by mere 
inspection when they are of uniform density. 

For Example. — The c.g. of a line is at the middle of the line ; of a circle 
at its centre ; of a sphere at its centre ; of the surface of a uniform cylinder 
and of a solid cylinder at the centre of the axis ; of & parallelogram at the 
intersection of its diagonals ; of a triangle at the intersection of straight 
lines drawn from two of the angles to the middle points of the opposite 
sides— i. e. t at a distance from one of the angles along one of these lines 
equal to J of the line ; of the perimeter of a triangle (t.e., of three uniform 
rods forming a triangle) at the intersection of the two straight lines which 
bisect two of the angles of the triangle formed by joining the centres of 
the three uniform rods ; of a polygm at the point of application of the 
resultant of the parallel forces represented by the areas of the respective 
triangles into which the polygon may be formed, and where each of these 
forces is considered to act at the c.g. of its own triangle ; of a pyramid at 
I of the line from the vertex to the c.g. of the base ; of a cone at f of the 
axis from the vertex ; of the curved surface of a cone at } of the axis from 
the vertex ; of & prism at the middle of the line connecting the eg.'a of its 
ends. 
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The Lever when its Weight is taken into Account. — 

In this case we have to add the moment due to the weight of the 
lever, to the moment of P or of W according as it acts along 
with the one force or with the other ; i.e., according as the e.g. of 
the lever is on the same side of the fulcrum as P or W. "When 
the lever is of uniform section and density throughout, then the 
e.g. of the lever is at its middle point, and consequently the 
whole weight of the lever may be considered as concentrated and 
acting at that point. 
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Weight op Lever Considered. 



Let AB be a uniform lever, of weight w, acting at its e.g. or 
middle point C, let a weight, W 9 be attached to the end B, then 
the force P, which will have to be applied to the other end A, in 
order to balance the whole about the fulcrum F, will be found 
by taking moments about F. 

Thus, Px AF + w?xCF = WxBF 

Or* p _ WxBF-tPxOF 

' ' AF 

- Example I. — A uniform lever, 5 ft. long, of 30 lbs. weight, is 
placed on a fulcrum 10 in. from one end, and has a weight of 
100 lbs. attached to the short end. What force must be applied, 
and in what direction, in order to produce equilibrium ? Also, 
what is the pressure on the fulcrum, and in what direction does 
the reaction from the fulcrum act ? 

1. Referring to the above figure, we find from the question that 

AB = 5 ft. = 60 in.; BF= 10 in. .*. AF=5oin. andCF= 20 in. 

W = 100 lbs. and w = 30 lbs. 

2. By the principle of moments — 

The Opposing Moments about the Fulcrum are equal. 

Consequently, PxAF + wxCF = WxBF 

. p_WxBF-wxCF 

# •*" AF 

Substituting the numerical values — 

P = iooxio- 3 ox20 = 81bB . 

5° 

* If the e.g. of the lever was on the opposite side of the fulcrum— i*. f 
on the side of W, then P x A = W x BF + w x CF. 
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3. P acts vertically downwards, since the moment due to the 
weight of the lever is not sufficient to equalise the moment due to 
the weight W about the point F. 

4. The pressure on the fulcrum is evidently equal to the sum of 
all the forces, since all the forces act in one direction, or vertically 
downwards. It is therefore equal to 

W + w + P = 100 + 30 + 8 = 138 lbs. 

5. The reaction from the fulcrum is equal and opposite in direc- 
tion to this resultant. It therefore acts vertically upwards, and 
is the equilibrant of the whole of the forces, for a vertical force of 
1 38 lbs. applied to the lever at F would counterpoise or just lift 
the whole bar with the attached weights P and W. 

Example II. — Suppose everything the same as in the previous 
example but the weight of the lever, which you may consider as 
now equal to 60 lbs. ; what force P would be required, and in 
what direction would it have to act, in order to produce equili- 
brium ? Also, what would be the resultant or downward pressure 
atF. 

1. You observe at once that the moment of the weight of the 
lever is greater than the moment of W about the fulcrum. 

For, w x CF > W x BF 

Since, 60 x 20 > 100 x 10 

Consequently by the principle of moments P must act against 
t#, or vertically upwards, so as to assist W, in order that the oppos- 
ing moments about the fulcrum may be equal, 

2. The formula therefore becomes 

u>xCF-PxAF = WxBF 
Or, wxCF = WxBF + PxAF 

wxCF-WxBF ^ 
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AF 

Substituting the numerical values, we have 

60X20-100X10 -rfc M ,^ 

— = Jr = 4 IDS. 

3. The resultant pressure at F is equal to the algebraical sum of 
the forces, or 

W + w-P= 100 + 60-4 = 156 lbs. 

And acts vertically downwards. The equilibrant would there- 
fore be 156 lbs. acting on the lever at F and vertically upwards. 

Position of the Fulcrum. — In answering questions which give 
the magnitude of the forces with which they act, and require only 
an answer for the position of the fulcrum, the student has 
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simply to employ the general formula for the principle of mo- 
ments, and then to substitute the known numerical values in 
order to get the unknown. Or, he may reason out the formula 
into the following shape, and then interpolate the numerical 
values. Referring to the last figure, suppose that the distance 
AF is required : 

Then, neglecting the weight of the lever, we have by the principle 
of moments — 

P x AF = W x BF = W (BA- AF) = W xBA-WxAF. 
Or, PxAF + WxAF = AF(P + W) = WxBA 

WxBA 
.•. AF- p + w 

Now, taking the weight of the lever into account, we have by the 
principle of moments : 

PxAF + t0xCF = WxBF. 
Or, 

PxAF + u>(AF-AC) = W(BA-AF) = WxBA-WxAF. 

0r > BA 

PxAF + ioxAF + Wx AF = WxBA + u?x = BA(W + £u>) 

. AF _ BA(W + ^) 
P + w+W 

Example III. — Where should the fulcrum be placed under a 
uniform lever in order to produce equilibrium, if the lever is 5 ft. 
long, weighs 30 lbs., and has weights of 100 and 8 lbs. respectively 
hung at its ends. 

From the above general equation for equilibrium — viz. : 

P x AF + w x CF = W x BF 

We set AF- BA(W + H 

We S et> A * P + 10 + W 

AF= 6o(ioo4.i5) = 60 . nohefl 
8 + 30 + 100 

Which proves the data given in Example I. to be correct 
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Lecture III.— Questions. 

i. Define what is meant by " the moment of a force," and give an ex* 
ample with a sketch. 

2. State " the principle of moments/' and apply it to the case of a 
simple straight lever. 

3. A weight of 10 lbs. on the end of a lever 100 inches from the centre 
of motion is found to balance a weight of 100 lbs. at a distance of 10 inches. 
Explain the natural law which governs matter and motion, upon which the 
above mechanical fact depends. (Answer this by giving the definition of the 
principle of moments. ) 

4. Describe an experiment to prove the equality of the moments when 
the pull is between the weight and the fulcrum and acts in the opposite 
direction to the weight. 

5. In the case of a straight lever, how would yon ascertain the pressure 
on and the reaction from the fulcrum ? 

6. Three forces, of 12, 10 and 2 lbs., act along parallel lines on a rigid 
body ; show by a sketch how they may be adjusted so as to be in equili- 
brium ? Arts. The force of 12 lbs. must act as the equilibrant to the forces 
2 and 10 lbs. — i.e., in a line with their resultant, but in the opposite direc- 
tion. 

7. Two parallel forces of 10 and 12 lbs. act in opposite directions on a 
rigid body, and at 2 feet apart. Where is the centre of the two forces, 
and what is their resultant ? Arts. 10 feet from the force of 12 lbs., 2 lbs. 

8. Define the '* centre of gravity " of a body, and show how you would 
find it experimentally in the case of any irregular body. Give an exampla 

9. State the rule which applies when two unequal forces balance on 
opposite sides of the fulcrum of a straight lever, the weight of the lever 
being neglected. A uniform straight lever, 4 feet long, weighs 10 lbs., the 
fulcrum is at one end ; find what upward force acting at the other end 
will keep the lever horizontal when a weight of 10 lbs. is hung at a dis- 
tance of 1 foot from the fulcrum. Find also the pressure on the fulcrum 
and the direction in which it acts. (S. and A. Exam. 1891.) Ans. 7*5 lbs.; 
12*5 lbs. downwards. 

10. A uniform bar, 4 feet long and weighing 4 lbs., can turn about a 
fulcrum at one end, and a weight of 10 lbs. is hung upon the bar at a dis- 
tance of 1 foot from the fulcrum. Find the upward force at the free end 
which will keep the bar horizontal. (S. and A. Exam. 1887.) Ans. 4*5 lbs. 

11. A uniform bar of metal 10 inches long weighs 4 lbs., and a weight 
of 6 lbs. is hung from one end. Find the fulcrum or point upon which the 
bar will balance. Ans. 2 inches from 6 lbs. 

12. Two parallel forces whose magnitudes are 8 and 12 lbs. respectively, 
act in the same direction on a rigid body at points 10 inches apart. Find 
the magnitude and line of action of the resultant of the two forces. Ans. 
20 lbs. at a point 6 inches from the force of 8 lbs. 

13. A uniform lever is 5 feet long, and weighs 10 lbs., the fulcrum being 
at one end. A weight of 30 lbs. is hung at a distance of 4 feet from the 
fulcrum ; what upward force acting at the middle point of the lever will 
keep it in a horizontal position ? Ans. 58 lbs. 

14. Define " moment of a force." How is it measured ? A bar of metal 
of uniform section weighs 5 lbs., and a weight of 10 lbs. hangs from one 
end. It is found that the bar balances on a knife edge at 9 inches from 
the end at which the weight hangs ; what is the length of the bar t 
(S. and A. Exam. 1893.) Ans. 4i ft. 
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15. State the principle of the lever, and prove it when P and W act on- 
opposite sides of the fulcrum. A weight of 5 lbs. is hung at one end of 
p. uniform bar, which is balanced over a knife edge at a point 14 inches 
from the end at which the weight hangs. The bar weighs 30 lbs. ; find 
its length. (S. and A. Exam. 1894.) 

16. State the principle of the lever. A uniform straight bar, 14 inches 
long, weighs 4 lbs. ; it is used as a lever, and an 8 lb. weight is suspended 
at one end. Find the position of the fulcrum when there is equilibrium. 
(S. and A. Exam. 1895.) 



34 NOTES AND QUESTIONS. ' 



( 35 ) 



LECTURE IV. 

Contents. — Practical Applications of the Lever— The Steelyard, or Roman 
Balance— Graduation of the Steelyard — The Lever Safety Valve — 
Example I. — Lever Machine for Testing Tensile Strength of Materials 
— Straight Levers acted on by Inclined Forces — Bent Levers— The 
Bell Crank Lever — Bent Lever Balance — Duplex Bent Lever, or Lum- 
berer's Tongs— Turkus, or Pincers — Examples II. and III.— Toggle 
Joints— Questions. 

In this Lecture we shall give a number of examples of the 
application of the lever. 
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Steelyard, or Roman Balance. 



Index to Parts. 



F represents Fulcrum. 
GA „ Graduated arm. 

SW „ Sliding weight. 

P „ Poll due to SW 

SP „ Scale pan. 



»» 



W represents Weight in SP. 
AF „ Distance of P 

from F. 
BF „ Distance of W 

from F. 
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The Steelyard, or Roman Balance, is a straight lever with 
unequal arms, having a movable or sliding weight on the longer 
arm. It is very much used by butchers for weighing the carcasses 
of cattle and sheep, and in such cases it generally has two fulcra 
and two scales of division corresponding to them, the one set 
being, say, for hundredweights and the other for pounds. 

Graduation of the Steelyard. — The practical method of gradu- 
ating the steelyard is to put unit weight (say i lb.) into the scale 
pan, SF (or attach it to the hook on the shorter arm if there 
should be no such pan), and mark the position where the sliding 
weight, SW, has to be placed in order to cause equilibrum. Mark 
this position i on the scale. Then put in two units (say 2 lbs.) 
into SP, and adjust SW as before, marking its new position as 
2 on the scale ; and so on until SW is at the end of the longer 
arm. 

In this form of steelyard, if the differences of the weights W, 
corresponding to successive distances, 1 to 2, to 3, <fcc, be the same, 
the graduations will be equal to each other. This may be proved 
in the following manner : — First of all, it is clear that the instru- 
ment can be so constructed that the centre of gravity of the beam 
and scale pan may occupy one or other of three different positions. 
The centre of gravity may coincide with F, or it may be on the 
longer arm, or it may be on the shorter arm. 

Suppose the centre of gravity to coincide with F, the fulcrum. 

Let the scale pan be loaded to the extent of W units, and 
suppose that the sliding weight of F units has to be placed at A 
in order to keep the beam horizontal. 

B F A Ai ..... A* 

I A 1 2 3 i k h 7 & 4 10 h 12 A 

W * 

Steelyard witii the Centre op Gravity coinciding 

with the Fulcrum. 

Then, PxFA = WxFB . . (1) 

Increase W by one unit, and to restore equilibrium, let P be 
placed at A r Then, for equilibrium we must have 

PxFA lS =(W + i)xFB . (2) 

Subtracting corresponding members of equations (1) and (2) 
we get P(FA t - FA) = ( W + 1 - W) x FB, 

Or, F x AA 1 = FB, 

FB 
•*• AAj=-p- « « « (3) 
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Increase W by n units, and let P occupy the position A^. 
Then, for equilibrium, we must have 

PxFA„ = (W + w)xFB . . (4) 
As before, subtract the corresponding members of (1) and (4), 
when we get P x AA„ = » x FB, 

a a FB 

•*• jeLA.,, — n X -pi 

= n x AA. by equation (3) 
Thus we see that the graduations are all equal for equal incre- 
ments of W. 

The student will readily observe that the zero of the scale is at 
F, and by putting W= 1 in equation (1) we can fix the position 
of the first number on the scale 

».«., P X Fl mm 1 x FB f 

Or, Fi=J5 

Next % suppose the centre of gravity to lie in the longer arm at G. 

P I Jfg, tJ   t A ' fr 

/ 4£b*i 4 6 6 7 f 9 10 11 12 13 14 15 
W » p 

Steelyard with the Centre op Gravity in the ' 

Longer Arm at G. 

Let w = weight of beam and scale pan, and suppose P at A 
and w at G to balance W units at B. Then, for equilibrium, 
we have 

PxFA + wxFG = WxFB . . (5) 
As before, increase W by one unit, and let P be shifted to A, 
in order to restore equilibrium, then we must have 

PxFA 1 + w?xFG = (W + i)xFB . (6) 
Subtracting (5) from (6) we get 

PxAA^FB, 

<*. AA X =^ ... (7) 

Now increase W by n units, and let P occupy the position A H , 
then 

PxFA„ + wxFG = (W + w)xFB . (8) 
Subtracting (5) from (8) we get 

Px AA M = rcxFB, 

r\ a a FB 

Or, AA, = wx y, 

ii =n x AA t by equation (7) 
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Thus we again see that the graduations are equal for equal 
increments of the weight W. 
To find the zero of the scale in this case : 
In equation (5) put W = 0, then 

PxFO +«7xFG = 0, 



• • 



P 



That is, the zero is in the shorter arm at a distance from F, 

t0. FG 
represented by — ^p — units of distance, the units in this case 

being the same as those measuring FG. 

By making W= 1 in equation (5) the position of the first figure 
on the scale can be fixed, and then the whole beam graduated, 
since all the divisions are of the same size. 

One important point to be observed in this arrangement is, 

that when the centre of gravity lies in the longer arm, there is a 

limit to the smallness of the weight which can be weighed in the 

scale pan, since the sliding weight moves along the longer arm 

only. 

Let P coincide with F, then the weight W which must be 
placed in the scale pan in order to just balance the weight of the 
beam and scale pan at G is 

WxFB = wxFG, 
w w-FG 
•'• w ~ FB ' 

Any weight less than this cannot be weighed. This is not an 
objection to the instrument where the weights to be measured 
are great, as in the case of the butcher's steelyard used for 
weighing heavy carcasses. 

When the centre 0/ gravity lies in the shorter arm the graduations 
will still be equal. The reasoning is the same as in the last two 
cases. The student can also prove that the zero of the scale is 
on the longer arm at the point given by the equation 

In this case all weights, however small, can be weighed. 

The Lever Safety Valve,* — The lever safety valve is a simple 

* For a more detailed description of safety valves and their action 
refer to Lecture XXVII. of the author's Elementary Manual on "Steam 
and the Steam Engine." 
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contrivance fixed on the top of a boiler for the purpose of auto- 
matically preventing the steam exceeding an agreed-upon working 
pressure. 

Referring to the nest figure, VC is a cast-iron valve chest, 
containing a tightly-fitted gun-metal valve seat, TS, on which 
reste a steam-tight gun-metal valve, V. On the centre of the 
upper side of this valve rests a conical steel pin attached to a 
straight lever by an eye and bolt. One end of this lever is free 
to turn rn a fulcrum fixed to the upper flange of the valve chest, 
and a lock-fast cast-iron weight is placed near the other end, so 



Lockfast Levkb Safety Valvb. 
Index to Farth. 



that the downward moment of the weight about the fulcrum 
balances the upward moment of the steam pressure on the valve 
about the aaine fulcrum. 

Let L i -■ length of lever in inches from fulcrum to the e.g. of 
the weight, W. 
F = Instance in inches from fulcrum to centre line of 

valve, V. 
G = „ „ „ to e.g. of the lever, 

W = Weight in lbs, of the cast-iron counterpoise block. ■' 
W, = „ „ lever. 

W„ = „ „ valve. 

P = Pressure of steam in lbs. per square inch. 
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d — Diameter of valve in inches. 



ir 



A = Area of valve in square inches = -e?. 

PxA *= Total pressure in lbs. on the valve. 

Then, by taking moments about the fulcrum, we find the pressure^ 
of steam per square inch which will balance the several forces. 

For the upward moment = the sum of the downward moments, 

(P xA-W 9 )F = (W x L) + (W, x G). 
Or, (PxA)xF =(WxL) + (W,xG) + (W„xF) 

WxL + W,xG + W,xF 
•"• P ~ AxF 

If we neglect the weight of the lever and the valve — 

Then, (PxA)xF = WxL 

n - WxL 

Or, 



P = 



AxF 



Example I. — A valve, 3 inches in diameter, is held down by a 
lever and weight, the length of the lever being 10 inches, and the 
valve spindle being 3 inches from the fulcrum. You are to dis- 
regard the weight of the lever and to find the pressure per square 
inch which will lift the valve when the weight hung at the end 
of the lever Ls 25 lbs. 



»// 
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W =25 lbs. 



Referring to the previous figure as well as to the accompanying 
one, we see from the question that 

d= 3" •*• A = - 0?= -7854 x 3 x 3 = 7.07 sq. ins.; 
BF = 3", AF = 10" and W = 25 lbs. 
Taking moments about F, we get — 
(PxA)xBF = WxAF 

P x 7.07 x 3 = 25 X IO 

P = ll"8 lbs. per square inch. 

Testing Machine. — The following figures illustrate a machine 
which is used for testing the tensile strength of iron, steel and 
such like materials. It consists of a combination of levers. After 
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Levee Machine fok Tbstikg Tenbile Stbbkotfi o 
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DIAGRAM OP THE LttVEBS. 



Index to Paets. 

L.I., represent Levers, 
F,F, „ Fulcra. 

P „ Pull, or dead 

weights. 
A, „ Where P acts 01 
S „ Specimen under 



B,,A„ represents Where K a> 
L„L. 



Where W acta on S. 

Movable weight. 

Balance weight. 

Hand-wheel and 
screw for elevat- 
ing F„ &c 
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mastering the general arrangement of the machine by comparing 
the index to parts with the side elevation, the student should 
refer to the accompanying skeleton diagram (where the same index 
letters have been. used), from which he will readily understand how 
the stresses are transmitted and magnified. 

Looking at the second of the above figures, or skeleton diagram 
of the levers, it will be seen that when equilibrium exists between 
the stress W on the specimen S, and the pull P, applied at A v 

P x AjF^R x BjFj, and R x A,F 2 = W x BjF, 
P x A,F t W x B,F, 



.R = 



B^ - A,F, 



i m PxA.F.xA,F, 
Consequently, W = -gj B jr 

11 AM 

Straight Levers Acted on by Inclined Forces. — In the 
previous Examples and in Lecture III. we have considered the 
forces P and W as acting at right angles to the straight levers. 
In such cases the forces had the greatest advantage, or their 
turning moments were a maximum. But the principle of momenta 
is equally applicable to inclined forces acting on straight levers and 
to bent levers. 




w 
Straight Levers with Inclined Forces. 

For, let A^ be a straight lever acted on by inclined forces, 
P and W. Draw from the fulcrum, F, lines at right angles to 
the produced directions of the forces as shown by the dotted lines 
in the above figure. 

Then, the effective arms for the forces P and Ware respectively 
A,F and B t F ; and equilibrium takes place when their momenta 
about F are equal ; 

».«., when P x A f F « W x B,F 

Or, P: W::B,F: A,F. 

Bent Levers. — The Bell Crcmk Lever. — The same principle 
and action hold good in the case of bent lovers. Take an ordi- 
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nary right-angle bell crank lever, as shown by the accompanying 
figure. Here the effective arms are equal to the actual arms of 
the lever, because the forces have been shown as acting at right 
angles to their respective arms, or with maximum turning 
moments. 

Therefore, P x AF = W x BR 

But, if the lever be turned round through any angle by, say, an 
extra pull at F, then, in order to ascertain the virtual moments 
we should have to draw lines at right angles from F on the 
directions of P and W in order to calculate their effective 
arms. 
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Bell Crank Lever 



Bent Lever Balance. 



Bent Lever Balance. — Examine an ordinary bent lever 
balance, such as is frequently used for weighing letters and light 
parcels, where the force P is a constant quantity, and the variable 
force W is represented by the article to be weighed. As shown 
by the accompanying figure, the effective arms change with each 
weight to be ascertained, and consequently the scale S of this 
balance has to be graduated by trial, or by introducing standard 
pounds, such as SP, or other units, and marking the values on 
the scale opposite the position where the end of the pointer on 
P comes to rest. Or, the graduation might be done by plotting 
the various positions of the arms and values of the forces to scale , 
In the illustration we have evidently got equilibrium when 

P x AF = W x BF. 

Duplex Bent Lever, or Lumberer's Tongs. — The accom- 
panying illustration shows a very useful and simple application of 
the bent lever, which is used at the end of a winch or crane chain, 
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for affixing to and holding fast stones, logs of wood, blocks of ice, 
or other heavy articles when they have to be lifted. 

P, P indicate the directions of the pulling forces on the short 
chains between the ends of the shorter arms and the common link 
which is attached to the crane chain. F is the common fulcrum, 
and W, W show the directions of the forces with which the article 
is gripped. The student will be able to draw a diagram of the 
forces and calculate their effective moments for himself for any 
particular case. 

The Turkus, or Pincers. — The ordinary carpenter's turkus, 
or pincers, which is frequently used for extracting nails from wood, 
is another familiar illustration of the duplex bent lever. As 
shown by the accompanying figure, the forcesPuPurepresent the 
forces with which the pincers is gripped by the hand after tbe 
jaws have been closed on the neck of the nail, and the force B 



Tongs on Duplex Bent Lrveb. Tuhkus, on Pincebs. 

the pressure which has to be exerted by the arm and body in 
order to extract the nail from the wood — i.e., to overcome the 
frictional resistance, "VV, between the wood and the nail. As 
shown by the separate diagram of forces in dotted lines, straight 
lines have been drawn, not from the joint of the pincers, but 
from a position representing the fulcrum F (or point where the 
nose of the pincers rests on the wood), perpendicular to the direc- 
tions of the forces P and W, in order to obtain the lengths AF 
and BF of the effective arms of the bent lever. 

Here again, P x AF = W x BF. 
Example II. — The handle of a claw-hammer is 15 inches 
long, and the claw is 3 inches long. What resistance of a nail 
would be overcome by the application of a pressure of 50 lbs at 
the end of the handle i 
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You are required to show, by a diagram, the manner in which 
youarrive at your result. (8, and A. Exam. 1892.) 

Answer. — Here we have a simple case of a bent lever, with 
fulcrum at F, and effective arms, AF, BF, 15 and 3 inches long 



Example op a Bent Levee. 

respectively. Let W represent the resistance in lbs. offered by 
the nail at fi. Then, by taking moments about F, we get 
W x BF = P x AF 
Or.W x 3 =50 x 15 

,-, w = Soj<_iS, 260 lba. 

3 

Example III. — State the mechanical law known as the Principle 
aj Hie Levee. In a pair of pincers the jaws meet at i4 inches from 
the pin forming the joint. The handles are grasped with a force 
of 50 lbs. on each handle at a distance of 8 inches from the pin. 
Find the compressive force on an object held between the jaws, 
and also the pressure upon the pin. (S. and A. Exam. 1888.) 

Let I' denote the force of 50 lbs. with which the handles are 
grasped at a distance of 8 inches from F, the pin, Let W denote 

R-3W.eib.1- 1 ft -50 ft*. 



the compressive force on the object O, and R the resultant reaction 
or pressure on the pin or fulcrum F. Although there are two 
levers here, each having a common fulcrum, F, it is best to con- 
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sider the action of One lever only. Suppose the lower handle, H„ 
to be fixed, and consider the action of the upper handle, H r It 
then becomes a simple question on the lever, 
(i) To find W, take moments round F, then 

W x ii" = 50 x 8" 

••. W - 206-6 lbs. 

(2) To find B, the pressure on the pin F, take moments round 
then 

R x i|" - 50 x (ij + 8") - 50 x 9 £" 

.\ R = 316-6 lbs. 
Or, since R must be the resultant of P and W, we get 

R«P + W«5o + 2666 = 3166 lbs. 

The " Toggle," or " Knuckle Joint," consists of a well- 
known combination of levers. It is characterised by its capability 
of exerting an enormous force through a short distance by means 
of very compact and simple elements. This device has been 
applied in many well-known cases, such as in the stone-crushing 
machine, certain brakes, printing and several forms of packing 
presses, and in the familiar frame by which carriage hoods are 
held in position. 

The accompanying diagrams illustrate the principle of the 
" Toggle," and the plan of its application to a cane mill. 

In Fig. 1, A A 1 are two links jointed at B, G, and D. The 
point G is fixed, whilst the point B is free to move vertically along 
the line E C. The centre D is connected with the point F by 
means of a third link, formed partly of a spring S. The point F 
is supposed to be fixed in relation to its distance from the vertical 
line E G, but is free to move in a line parallel to E C. Under 
these conditions, a force acting in the direction of the arrow along 
the line G H will resist a much greater force acting along the 
line E G, and tending to move the point B upwards. The force 
along G H acts with a leverage equal to the distance from J to 
G, whilst the force aloug B D has only a leverage equal to the 
short length K G, The nearer the centre D approaches the 
vertical line, the greater will be the leverage of the force acting 
on the centre D in the direction G H, and the less will be the 
leverage of the force acting in the direction E G through the 
link A'. In practice, a few railway buffer springs, corresponding 
to S in Fig. 1, combined with simple links in a compact arrange- 
ment, occupying little space, are sufficient to resist forces amount- 
ing to several hundreds of tons. The line E G corresponds to 
the centre line of one of the top cover bolts of a cane mill, G 
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corresponding to the nut at the top of the bolt, and therefore 
one of the fixed points in the system ; whilst B may be taken as 
representing a point in the top cover itself, which is supposed to 
be free to move up and down. 

Fig. 2 illustrates the operation of the system, and directs 
attention to a feature of great practical interest and value. The 

Fig. i. Fig. 2. 
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The Principle op the Toggle Joint. 

parts in this figure correspond with those in Fig. 1, but it is 
supposed that a force acting in the direction E C has raised the 
point B from its original position, as in Fig. 1, to the position B. 
The point D has consequently been moved further away from 
the vertical line E G to the position H. In this position, the 
leverage of the force acting along O H is reduced, whilst the 
leverage of the force acting through the link A' is increased, 
as compared with the previous conditions in Fig. 1 ; but it will 
be seen that Z>, in moving to the position 2)', has compressed the 
spring S, and therefore increased its resistance. 
Hence, by the principle of moments : 

(Force along B D) x K C = (Force along G F) x J C. 

J C 
•\ Force along BD = (Force along G F) x g-^, 
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But the vertical force E B = 



(Force along BD)x g-jr. 



>> 



>> 



>> 



>> 



= (Force along G F) x ^-^ x - 



ij 



But if the links B D and D C are equal, then B J = J C. 

J C 2 
Hence, force along E B = (force along G F) x ^-p — tt-~t. 



If the movement along B C is very small compared with the 
length of the links B D and D C, then J C may be considered 
as a constant length. Hence, when the spring is so adjusted that 

its resistance to compression 
is proportional to K C, the 
pressure E B upon the rollers 
will be nearly constant. This 
arrangement of the " toggle 
joint," therefore, automati- 
cally permits of light or heavy 
feeding of the canes in a sugar 
mill without bringing undue 
stresses upon the various 
parts, and thus diminishes 
the chance of breakdowns. 

The following illustration 
shows the actual construction 
of the " Toggles " as applied 
to the top roller of an ordinary 
3-roller cane-crushing mill. 
The left-hand half of the 
illustration shows the posi- 
tions of the parts when the 
mill is empty. In this con- 
dition the top roller rests in its 
bearings and gives the mini- 
mum openings between the 
rollers. The right-hand half 
of the illustration shows the 
condition of the system when 

Patent Toggle Apparatus. the mill is taking a heavy 

feed. It will be seen that 
as the roller rises it lifts the top caps, which are under the control 
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of the " Toggles," until the upward pressure is balanced by the 
resistance of the " Toggles." 



Toggle Joint as Applied to a S 

The above is aii illustration of a mill made by Messrs. Mirrlees, 
Watson and Yaryan Co., Ltd., of Glasgow, with rollers 32 inches in 
diameter by 60 inches long. The arrangement of their patent 
"Toggles" in this case is of a special kind. The vertical bolls 
of the " Toggles " are formed by continuations of the top cover 
bolts, but the mill covers or caps are fixed by nuts screwed directly 
down upon them, and do not lift with the roller. The communi- 
cation between the " Toggles " and the top roller is made by means 
of plungers formed on the under side of the bottom plates of the 
" Toggles," and working through the top caps. The only advantage 
of this arrangement is, that it permits the top cap to be used as 
a brace to bind the upper jaws of the mill cheek together, and 
thus adds in some measure to the strength of the cheek. 
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Lectube IV.— Questions. 

I. Sketch and describe the steelyard, or Roman balance, and explain 
fully how the graduations on the scale are equal for equal differences in 
the weights applied to the shorter arm. 

2. Sketch and describe a lockfast lever safety vahe. A valve, 3 
inches in diameter, is held down by a lever and weight, the length of the 
lever being 30 inches, and the valve spindle being 4 inches from the 
fulcrum. You are to disregard the weight of the lever and to find the 
pressure per square inch which will lift the valve when the weight hung 
at the end of the lever is 56 lbs. Arts. 59*4 lbs. 

3. The diameter of a safety valve is 3", its weight 3J lbs. ; length of 
lever is 30", and its weight 16 lbs. ; the distance from fulcrum to centre 
of valve is 3", and to eg. of lever 12". Find where a weight of 50 lbs. 
must be placed on the lever in order that steam may just blow off at 70 lbs. 
per square inch by gauge. Ans. 2565 inches from the fulcrum. 

4. The safety valve of a boiler is required to blow off steam at 100 lbs. 
per square inch by gauge. The dead weight is 100 lbs., weight of lever 
10 lbs., and of valve 5 lbs. ; diameter of valve 3J", distance from centre of 
valve to fulcrum 4", from eg. of lever to fulcrum 15". Where should you 
place the weight on the lever ? Ans. 368 ins. from fulcrum. 

5. Sketch and describe a lever machine for testing the tensile strength 
of materials. If the advantage, or ratio of pull P to resistance R in the first 
lever, is 56 to 1, and of the second lever 40 to 1, what stress will be produced 
on the test specimen when P = 100 lbs. ? Ans. 100 tons. 

6. A force of 100 lbs. acts at one end of a straight lever, but at an angle 
of 6o° to it. What force acting at the other end of the lever, at an angle of 
45° to it, will keep the lever in equilibrium if the fulcrum be placed half 
the distance from the first force that it is from the second ? Draw a dia- 
gram of the forces and their effective arms. Ans. 61.25 lbs. 

7. Sketch a bell crank lever, to convey a small movement from one 
line to another, cutting each other at 6o° ; the spaces moved through to 
being as 1 to 2. 

8. The handle of a claw-hammer is 12 inches long, and the claw is 2 
Inches long. What resistance of a nail would be overcome by the appli- 
cation of a pressure of 40 lbs. at the end of the handle ? Show, by a diagram, 
the manner in which you arrive at your result. Ans. 240 lbs. 

9. In a pair of pincers the jaws meet at ij inches from the pin forming 
the joint. The handles are grasped with a force of 30 lbs. on each handle 
at a distance of 7 J inches from the pin. Find the compressive force on 
an object held between the jaws, and also the pressure upon the pin. 
Sketch the apparatus and show the direction and values of aU the forces. 
Ahs. 180 lbs ; 210 lbs. 

10. There is a contrivance for obtaining great pressure through a small 
space, commonly termed the toggle or toggle joint. Will you explain it, 
and s-how wherein its peculiar action and eflioiency consist? 

II. Ex-plain the mechanical advantage of the combination known as a 
toggh joint. Show its application in printing machinery, or in stone 
cruj»hin^ machines, or in any other instances with which you are 
acouuiiitcd. 
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LECTURE V. 

CONTENTS/— The Principle of Work— Work put in, Work lost, Useful 
Work — Efficiency of a Machine — Principle of Work applied to the 
Lever — Experiments I. II. — Wheel and Axle — The Principle of 
Moments applied to the Wheel and Axle— The Principle of Work 
applied to the Wheel and Axle — Experiment III. — The Winch Barrel 
— Example I. — Ship's Capstan — The Fusee — Questions. 

The Principle of Work.* — The principle of work is applicable 
to all machines, and may be stated as follows : — 

The work put into a machine is equal to the work absorbed by 
the machine plus the work given out by the machine. 

Or, Work put in = Lost work + Useful work. 

This is an axiom. But, nevertheless, many deluded would-be 
inventors have spent much time and money in devising "perpetual 
motion " appliances, or machines which should turn out as much 
work as, or even more than, was put into them ! 

i. When a machine is employed to perform mechanical work, 
a certain force must be applied to one part of it in order to move 
the machine and to perform work at another part. 

The product of this applied force and the distance through 
which it acts constitute the whole work put into the machine. 

2. Some of this work must be expended in merely keeping the 
different parts in motion, against natural resistances due to fric- 
tion at the fulcra or journals, and friction between moving parts 
and the air or water in the case of an hydraulic apparatus. The 
work so absorbed is termed lost work. 

The mean value of the frictional resistances, multiplied by the 
mean distance through which they are overcome, constitute the 
work lost in the meclianism. One great object to be kept in view, 
in designing most machines, is to minimise this lost work by 
minimising the internal resistances to motion in the machine 

* The Principle of Work is usually stated as follows in books on Mecha- 
nics, but I find that engineering students much prefer the above definition. 
" If a system of bodies be at rest under the action of any forces, and be 
moved a very little, no work will be done." " Conversely : If no work is 
done during this small movement, the forces are in equilibrium. 1 ' — Prof. 
Goodeve's " Manual of Mechanics," p. 73. 
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itself ; but you must remember that these can never be entirely dis- 
posed of as has only too often been conjectured by " perpetual 
motion " faddists. 

3. The remainder goes to do the useful work for which the 
machine was designed, and therefore — 

mi &  / 7 . the work got out. 

4. 1 he efficiency oj a machine = — —5 . — 

the work put in. 

To impress these facts on frhe mind of the student we present 
them in the following condeosed form : — 

1. Work put in —force applied x the distance it acts. 

2. Work lost = force absorbed in overcoming internal resist ances 

x the distance it acts. 

3. Useful work = force given out x the distance it acts. 

4. Efficiency " = ratio of work got out to work put in. 

5. Work put in = lost work + useful work. 

Principle of Work applied to the Lever. — In applying the 
above " principle of work " to the lever, we will take the liberty 
of neglecting the lost 

work. We shall therefore ^^\ * 

assume that the friction ^^^' \ 

at the fulcrum is so small b.^-^" J " 

that it may be neglected ^-"' i" i p 

for the purpose we have ^' \ ! f 

in view. e ^ , ' ' 

Experiment I. — Let f ¥» *« 

AjE be a straight lever £35 

without weight, having y/f 

its fulcrum at F, a force, p einciplk f Work applied to a 
W, acting vertically down- Levbb. 

wards from the point B 1? 

and a force, P, acting vertically upwards at the end A v keepirr 
W in equilibrium. Now imagine the lever elevated to the } < * > 
tion A,F. 

The work put in at A t = P x the vertical distance from A t to A . 

The work got out at B t = W x the vertical distance from B A to B.. 

Therefore, since we neglect all frictional resistances — 

The work put in = the work got out 



Or, P x A,A 2 = W x B^, 



P _ B,B 2 



W A t A, 

But by Euclid the triangles AjFA, and B l FB 3 are similar in every 
respect. 
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Therefore, 




B t B, _ B^ 
AjA, A^F 


Hence, 




P B x ¥ 
W - A t F 


Or, 


P 


x^P » WxB^F 



But this is the equation we proved in Lecture III. with respect 
to the lever as complying with the "principle of moments." 
Hence the "principle of work " and the " principle of moments " are 
in agreement. 

In the accompanying figure the force P has been shown as 
elevated through 12", and the force W as elevated through 6". 

Therefore, P x 12" «= W x 6" 

Or, ' P 6 



W 



12 



1 
2 



P being half the magnitude of W, it has to be elevated through 
double the distance in order that the same amount of work may 
be done in the same time. 

Experiment II. — Consider the case of a simple lever, where a 
weight, W, at B is balanced by another weight, P, at A, around 




<¥- 



>.' 



Principle of work applied to a Lever. 

a fulcrum at F, without friction. Let the lever be turned through 
90 , or a quarter of a revolution— i.e., from a horizontal position, 
AB, to a vertical position, A'B'. 
Then by the definition of work — 

The work put in at A = P xA'F, and 
The work jot out at B - W x B'F. 
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It does not matter in the slightest degree how circuitous the 
patbs P and W take in passing from their original to their new 
positions in this case, since all we require to know is the vertical 
distances through which F is depressed and W elevated. 

Consequently, by the " Principle of Work" 

P x A'F = W x B'P 

But, A'F = AF, and VF = BF, 

.-. Substituting AF for A'F, and BF for B*F, 

We get, P x AF = W x BF 

But this is the equation for the "principle of momenta," which 
we have again deduced from the " principle of work " by another 
and simpler form of reasoning. We find that this latter method 
appeals more directly to the minds of young engineering students 
than the proofs usually found in books on Mechanics. 

The Wheel and Axle. — The wheel and axle has been used for 
centuries for drawing water by a bucket from a well. It is used 
by the navvy for lifting the 
material which he excavates 
from the earth, by the mason 
for raising stones, bricks and 
mortar, and by many other 
tradesmen for a variety of 
purposes ; as well as by the 
quartermaster as a steering- 
gear, and the able seaman as 
a capstan. The accompanying 
illustration shows the form it 
takes wheu used for elevating 
goods in a store or mill.* It 
is simply a practical arrange- 
ment for continuing the action 
of the lever as long as re- 
quired. So longasasufficient YfHML and Axle. 
pull is applied to the rope, 

which fits into the grooved wheel, to overcome the resistance of 
the load attached to the chain hook, the weight will be raised. 
The wheel and axle is therefore a form of lever by which a weight 
may be raised through any desired height. 

The Principle of Moments applied to the Wheel and 
Axle,— In the diagram let the larger circle represent the circum- 
ference of a wheel of radius, K, to the periphery of which a force, 
* The above figure represents a wheel and axle aa supplied by Messrs. 
P. 4 W. MacLellan, of Glasgow. 
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P, is applied. Let the smaller circle represent the circumference 
of the axle or barrel of radius, r, to the periphery of which is 

applied a resistance W. Let the forces P 
and W act in the same direction and verti- 
cally downwards. Join the points where the 
lines of action of the forces are tangents to 
the wheel and axle by a straight line, AB. 
Then, AB passes through the common centre 
of the circles — i.e., through their common 
centre of motion or fulcrum F, and AF is 
the effective arm for the force P, whilst BF 
is the effective arm for the force W. In 
fact, AFB is a straight lever in equilibrium, 
with the fulcrum at F. 
Therefore, taking moments about F, we have — 

P x AF = W x BF 
Or, P x R = W x r 

The Principle of Work applied to the Wheel and Axle. 

Experiment III. — Take a model of the wheel and axle as illus- 
trated by the accompanying figure. Let forces, P and W, act in 
equilibrium, as in the previous case, at radii R and k respectively. 




Wheel and Axle. 




Model to Test the Pbinciple op Work applied to the 

Wheel and Axle. 

Now mark carefully with a piece of coloured chalk or ink the exact 
positions where the tape supporting P is a tangent to the wheel, 
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and where the cord supporting W is a tangent to the barrel. Pull 
P until the wheel and barrel have just made one complete revolu- 
tion. Then, neglecting any force required to overcome friction at 
the bearings of the spindle— 

The work put in by P = 

The work got out in raising W = 

But the ivork put in — 

•. P x 2*rR = 



27rR 



P > 
W X 27TT 

the work got out 

W X 27TT 



Cancelling 2w from each side of the equation - 
We have P x B, = W 



x r. 



But this is the same equation as we obtained above by applying 
the "principle of moments." Therefore, we see that the "prin- 
ciple of moments " and the " principle of work " harmonise. 

The Winch Barrel. — The wheel may be replaced by a handle 
H, and the mere axle by a barrel or drum D, of any desired size. 



pip n 

I HHHll ll * 

r 

 




Side View. End View. 

Winch Barrel and Handle. 

Example I. — A man exerts a constant force of 30 lbs. on a 
winch handle of 15" radius ; what weight will he be able to lift 
attached to a rope hanging from a barrel of .5" radius ? 

By the principles of moments and of work ; and interpolating 
the numerical values— 

Px R = Wxr 
30 x i5=Wx5 

... W = 3 ° XTS ^90 1bs. 

5 

Ship's Capstan. — A partly sectional, partly outside view of 
this useful machine is illustrated by the following figure : 

A capstan is generally fixed upon the forecastle of a ship, or 
near to the side of a quay or dock, for the purposes of warping and 
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Ship's Capstan. 

Index to Parts. 
CH represents Capstan head. PR represents Pall and Ratchet. 

SS „ Spokes or arms. F „ Frame. 

It „ Radius of S. CP „ Capstan pillar. 

U „ Barrel. FS „ Footstep of CP. 



berthing the vessels. The above illustration shows a capstan as 
built into a forecastle, where the round turned footstep, FS, of 
the vertical cast-iron capstan pillar, CP, bears in a cast-iron or 
cast-steel shoe fitted upon the steel or wrought beams of the main 
deck. The frame F, which supports the casing for the pall and 
ratchet gear, may be the beams of the upper or forecastle deck, 
A strong rope made fast on shore is passed several times round 
the capstan barrel B, and the slack end of the rope is coiled on 
deck. The addition of the rope to the barrel increases the effective 
arm or radius r, at which the resistance of the ship acts by half 
the diameter of the rope. Eight or any desired less number of 
wooden spokes, S, S, having their inner ends equared and tapered, 
are fixed into hollow square holes in the cast-iron capstan 
head CH. Then, just as many sailors as may be required to 
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overcome the resistance of the ship apply themselves to the outer 
rounded ends of the spokes, and push away as hard as they can. 

It will be observed that, calling, p, the force applied by each 
sailor at radius R ; then, when we have two sailors acting on 
diametrically opposite spokes p, 2R, p forms a couple tending to 
cause rotation of the capstan in one direction. Consequently, 
from the property of couples (as we showed in Lecture III.) this 
couple can only be balanced by another couple acting in the 
opposite direction and having an equal moment. Such another 
couple exists, when the resistance of the ship, W, acting with an 
arm, r (equal to the distance from centre of capstan to centre of 
rope), balances the corresponding reaction at the centre of the 
capstan barrel. Hence, when the force applied by the two sailors 
is balanced by the resistance to motion of the ship, we have the 
one couple just balancing the other one. 

Or Couple p, 2R, p balancing couple W, r, W 

t.«., p x 2R = W x r 

In the same way, with two, three, or four pairs of sailors, each 
pair being supposed to act on diametrically opposite spokes, we 
have two, three, or four couples acting in one direction, balanced 
by one couple, viz., the resistance of the ship into the distance 
from the centre of the capstan barrel and the reaction from that 
centre.* 

In the case of four sailors just being able to move the ship, two 
couples, p, 2R, p+p, 2R, p, balance one couple, W, r, W; 

*.«., px 2R+px 2R = Wxr 

The Fusee. — As an illustration of the lever action and of 
work put into and got out of a machine, we cannot do better 
than finish this lecture by a description of the construction 
and action of the simple yet most ingenious contrivance termed 
the fusee. In good watches and clocks, where the elastic force 
of a coiled spring is used to drive the works, the fusee is used 
for the purpose of compensating the gradually diminishing pull 
of the uncoiling spring. The driving of the works at a constant 
rate is the object for which a watch or clock is designed. This 
naturally entails a constcmt resistance to be overcome, but since 
one of the most compact and convenient forms of mechanism into 

* The student should draw a plan of the capstan barrel, and show radial 
lines to indicate one, two, or more pairs of diametrically opposite spokes, 
with forces, p, acting at their ends, all tending to turn the barrel in one 
direction. He will then see that a couple formed by resistance to the stress 
on the rope, and an equal reaction from the centre of motion, will be required 
to act in the other direction in order that equilibrium may take place. 
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which mechanical force can be stored is that of a coiled spring:, 
nnd since the very nature of the spring is such that its force 
decreases as it uncoils, we must employ some compensating 
device between this variable driving force and the constant 
resistance. The fusee does this in a most accurate and complete 



The Fusee foe a Clock oh 
Isdex to Parts. 
F represents Fusee. 
B „ Barrel. 

BW „ Hatchet wheel 

manner. Looking at the accompanying figures and index to parts, 
we see that the barrel B, which contains the watch or clock 
spring, is of uniform diameter, and that between the outside of 
tbis barrel and the fusee, or spirally grooved cone, there passes a 
cord or chain. When the winding key is applied to the winding 
square WS, and turned in the proper direction, a tension is 
applied to the cord, and it is wound upon the spiral cone, thus 
coiling up the spring inside the barrel B ; for the outer end of 
this spring is fixed to the periphery of the barrel, and the inner 
end to its spindle or axle, is in direct gear with the works of the 
clock. When the spring is fully wound up it has the greatest 
force, but it acts' with the least advantage, since then the cord is 
on the smallest groove of the cone pulley. When the spring is 
almost uncoiled it acts with the greatest advantage, for then the 
cord is on the largest groove of the cope. Consequently the radii 
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of the grooves of this cone are made to increase in proportion as 
the force applied to the cord decreases in order that there shall 
be a constant turning effort on the works of the clock. 

The work put in when winding up the coiled spring, is given up 
by it in overcoming the fractional resistances of the different parts 
of the mechanism. 

Or the work put in = lost work, for the whole of the work put 
in, is devoted to simply keeping the parts of the machine in 
motion, leaving nothing for other work, unless the clock is used to 
strike a bell or do some other kind of work. 
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Lecture V. — Questions. 

i. State the '• Principle of Work," and explain the manner in which it 
is Applied in determining the relation of a P to W in the lever. A lever, 
centred at one end, is 15 feet long, and a weight of W lbs. hangs from the 
opposite end. The weight W is supported by an upward pressure of 
28,270 lbs. at 13 feet from the fulcrum. Find W. Ans. 24,500-6 lbs. 

2. Define work put in, lost in, and got out of a machine, and prove that 
the work put in = lost work pins the useful work. How are the "advan- 
tage " and the efficiency of a machine reckoned ? 

3. Sketch and describe the wheel and axle. Apply both the "principle 
of moments " and the " principle of work " to find the relation between 
the force applied and the weight raised by aid of this machine. A wheel 
and axle is required so that the force applied at the circumference of the 
wheel in moving through a distance of 10 feet shall raise a weight of 
4 cwts. through a height of 2 feet. If the diameter of the axle is 10 inches, 
find the force applied in lbs., and the radius of the wheel in feet. An*. 
89-6 lbs. ; 2 feet 1 inch. 

4. The crank or handle which turns a windlass is 14 inches in length ; 
what must be the diameter of the axle when a man exerting a force of 
60 lbs. upon the handle raises a tub of coals weighing 2 cwt. 1 Ana. 
7J inches. 

5. In a windlass the barrel is 8 inches diameter, the rope is 1 J inches 
diameter, and the crank handle 15} inches long. What force must be 
applied at the handle to raise 2 cwt. ? Also, what weight would be raised 
by a constant force of 30 lbs. applied at the handle ? Ans, 66-8 lbs. ; 
IC05 lbs. 

6. A capstan is worked by four men ; each man exerts a constant force 
of 30 lbs. at a distance of 4 feet from the axis. A rope of {-inch diameter 
is wound round the drum, of 5 J inches radius. Find the pull on the rope 
which balances the pressure on handles. Make a diagram showing the 
action of the forces, and find the pressure on the central shaft of the cap- 
stan. Ans. 921-6 lbs. ; 9216 lbs. 

7. Describe, with a sketch, the spring-barrel and fusee of a clock or of a 
watch. Explain its action by reference to the principle of moments. 

8. A ship's capstan has a ratchet-wheel with two detents or pawls, 
arranged so that when one is engaged with a tooth of the wheel the point 
of the other is midway between two teeth. Sketch the arrangement, and 
say why in this case two detents or pawls are better than one. (S. and A. 
Exam. 1803.) 

9. What do you understand by the efficiency of a machine, and how is 
it measured ? In a single purchase crab, the pinion has 12 teeth and the 
wheel has 78 teeth, the diameter of the barrel being 7 inches, and the 
length of the lever handle 14 inches. It is found that the application of a 
force of 1 5 lbs. at the end of the handle suffices to raise a weight of 
280 lbs., find the efficiency of the machine. (S. and A. Exam. 1895.) 
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Contents. — Pulleys— Snatch Block — Block and Tackle —Theoretical Ad- 
vantage — Velocity Ratio— The Principle of Work applied to the Block 
and Tackle— Actual or Working Advantage — Work put in — Work 
got out — Efficiency — Percentage Efficiency — Example I. — Questions. 

Pulleys. — Suppose you had to elevate a sack of flour from the 
ground to an upper storey of a mill or store, you might place it 
upon your back and carry it up the stairs. In doing so, you 
would expend so many foot-pounds of work. Let the sack of 
flour be ioo lbs., your own weight 150 lbs., and the height to 
which it is raised be 30 feet. Then the 

Work done in elevating the flour =100 lbs. x 30' = 3000 ft.-lbs. 
n „ yourself =150 „ x 30' = 4500 „ 

Total work done m 250 „ x 30' = 7500 „ 

And your efficiency as a machine would be found thus — 

Mechanical efficiency = "sefulwork work got out = 3000 ft-lbg. 

total work work put in 7500 ft.-lbs. 

Or, your percentage efficiency would be found from the propor- 
tion — 

7500 : 3000 :: 100 : x 

3000 X I OO AS\ O/ 

x = ^ = 40 % 

7500 

In other words, 60 per cent, of the total work done is lost work, 
and only 40 per cent, is useful work. 

If instead of carrying the sack upstairs, you found ready to 
hand a long rope (with its two ends close to the ground) that had 
been passed over a smooth iron hook fixed to the outside wall 
above an outside landing for the particular storey of the building, 
and, if you attached one end of this rope to the sack and found 
that by pulling with all your strength (or say with a force of 
150 lbs., i.e., equal to your weight) on the other end, you could 
just lift the sack. Then, if by this means you elevated the sack 
to the landing, you would have expended less work than by the 
former method ; for, 
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Work done in elevating flour = ioolbs. x 30' = 3000 ft. -lbs. 
„ against friction, &c. = 50 ,, x 30' = 1500 

Total work done 



= 15° » x 3° =45°° 



»> 

»» 



.-. Mechanical efficiency = usetu } wo l* ; or, work got out = 3000^ 

total work work put in 4500 



And tbe percentage efficiency is therefore 66-6. 




For, 4500 



x — 



3000 :: 

3000 x 100 

4500 



100 



x 



= 666 % 



Pu It -T d -T f 




Hence 33.3 per cent., or £ of the total 
work put in by you in pulling at one 
side of the rope, is spent in overcoming 
the friction between the rope and the 
hook and bending the rope over the hook, 

whilst only 66*6 per cent., or f , remain 
for elevating the sack of flour. 

If, instead of the iron hook 3*011 had 
found a double-flanged deep V -grooved 
pulley with a rope over it, as in the ac- 
companying illustration, and that this 
pulley revolved so easily on its bearings 
that you had only to pull with a constant 

force of 1 ;o lbs. in order to lift the sack of flour from the ground 

up to the 30-feet level, then — 

Work done in elevating flour = 100 lbs. x 30' - 3000 ft. -lbs. 
„ against friction, &c. — 10 „ x3o' = 300 „ 

Total work done =110 , 




Pulley and Weights. 



,\ Mechanical efficiency = 



useful work 



x 3° = 33°° » 



work got out _ 3000 _ /• 
0T} work put in 3300 ^^ 



x 



total work 
And the percentage efficiency is 90*9 
For 3300 : 3000 :: 100 

x = 3 ° OOXIO ° = 00-9 % 
33°o 

Hence only 9-1 per cent, of the total work put in is lost work 
in overcoming friction at the pulley bearing and in bending the 
rope over the pulley. 

You see, therefore, what a useful machine a pulley is, not only 
for enabling you to change the direction of a force, but also for 
the saving of labour. 
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A pulley is simply a wheel and axle wherein their radii are one 
and the tame, or a lever with equal arms. Hence the principles of 
moments and of work may be applied to it in the same way as 
we applied them to the lever and to the wheel and axle. 

Snatch Block. — If you should require to put the bend of a 
rope on a pulley, and at the same time prevent the possibility of 
the rope coming out of the groove, without having to reeve the 
end of the rope between its cheeks, you would use what is called a 
snatch block. One form of snatch block is illus- 
trated by the accompanying figure, where on the 
side of one cheek there is a sneck or snatch, 
which is turned to one side, to enable the bend of 
the rope to be placed around the U groove of the 
pulley. The snatch then falls down and closes 
upon the central pin. Another form has a 
hinged snatch which can be lifted up at right 
angles to the face of the cheek, and after the 
rope has been put on the pulley the snatch is 
closed down and locked by a pin attached to a 
short chain fixed to the side of the cheek, just 
like an ordinary front hinge for closing a chest. 
The single movable pulley, which is used for sup- 
porting the load to be lifted by a Chinese wind- 
lass or by a jib crane, is sometimes called a -_,___ „.„ 
saatch block (see the illustration of the wheel and BSATCH , BLOCK - 
compound axle in next Lecture, and of jib cranes in Lectures 
VIII. and XIII.). In the latter case the chain passes from 
the barrel of the crane over the pulley at the point of the jib, then 
vertically down, underneath the snatch -block pulley, and vertically 
upwards to a point on the under side of the jib where it is fixed 
by an eye-shackle with a bolt and nut. If the load, including the 
weight of the snatch-block, be W, then, neglecting friction, the 

W 
pull P on the chain will he — ; for W is supported by two ver- 
tical or parallel parts of the chain, each part carrying half the 
load, orW-zP. If the load be elevated any distance L, then 
the chain will have to be pulled in on the barrel a distance of zL, 
for by the principle of work 

The pull x its distance - the load x its distance. 
Or, P x zL = W x L. 

The theoretical advantage is therefore z to i, or a certain force 
would lift double the weight, neglecting friction. 

Block and Tackle. — Passing over the various arrangements 
of pulleys -for lifting weights which are treated of in theoretical 
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mechanics, we come to thU well-known and useful contrivance, 
As will be seen from the accompanying sketch, it consists of a 
number of pulleys (or sheaves as they are technically termed) free 
to run round on a turned central 
iron or steel spindle, and inserted 
in a block, having their iron divi- 
sions between each pulley,and strong 
iron cheeks fixed to a swivel joint 
terminating in an iron hook hung 
from an eye bolt. Three sheaves 
are shown in this block, but the 
number may range from one up- 
wards, according to the size and 
work to be done. There is a simi- 
larly constructed block with two 
sheaves, from which the weight to 
bo raised, or the body to be pulled, 
is attached, and this is called the 
movable block, whereas the upper 
or home one is termed the fixed 
block. Around the pulleys of both 
blocks there is reeved a rope with 
the inner end made fast to an eye 
on the movable block, whilst the 
free end hangs from one of the 
i outside sheaves ; but this arrange- 

ment is frequently reversed, for the 
inner end of the rope may be at- 
tached to an eye on the fixed block, 
and the free end may spring from 
the other one (see the figure in con- 
nection with Example I. of this 
Lecture). .The free end of the rope 
is then ready to be pulled by the 
Block and Tackle. hands or. by aid of a winch. 

Now, neglecting friction, and 
supposing the rope to be perfectly flexible, a force, F, applied to 
the free end of the rope would be transmitted throughout it to- 
the other end at the movable block. Hence the effect of this 
force in overcoming a resistance, TV, w multiplied by the number, 
n, of parte of the rope which apring from the movable block. 

Or, W.-hP 

And (i) The theoretical advantage m — = ~ 
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(2) The velocity ratio, or ratio of the distance through which 
P acts, to that through which W is overcome in the same time. 

Or, Velocity ratio = Fs distance = Vi 

W's distance 1 

In the figure there are shown three pulleys in the upper block 
and two in the lower, with five parts of rope springing from the 
latter ; therefore in this case n == 5. 

Here W = riB = 5P; or, P « Y » 1L 

n 5 

since P must pass through five times the distance that W does 
in the same time. 

The velocity ratio = Fs distance = » = £ 

W's distance 1 1 

So that the theoretical advantage and the velocity ratio have the 
same algebraical expression and numerical value. (See note, p. 68.) 
The Principle of Work applied to the Block and Tackle. 
— Using the very kind of block and tackle represented by the 
previous figure, attach a light Salter's spring balance by its hook 
to the rope where the hand is shown. Fix such a weight to the 
lower block that the weight of rope between the blocks, the 
movable block, and the load are 60 lbs. Call this W. Now 
pull the ring of the spring balance until the load rises slowly and 
uniformly, and note the reading on the balance ; let it be 18 lbs., 
and let the weight of this balance and the hanging free end of 
the rope, which is assisting the arm, be 2 lbs. Call this total 
pull of 20 lbs. P ; then : 

(3) The actual or working ^t^/^~ w eight raised _W^6o lbs 1 _3 

pull applied P 20 lbs. I" 
Lift W up through one foot exactly, and measure the length of 
rope which you have pulled out from the upper block, and you 
will find that it is five feet ; hence,* 

(4) The work put in = P x n« 20 lbs. x 5 ft. = 100 ft.-lbs. 

(5) The work got out « W x 1 = 60 lbs. x 1 ft. = 60 ft.-lbs. 

(6) The efficiency = Workgotout 60 ft.-lbs. 

Work put in IOO ft.-lbs. " 

(7) The percentage efficiency = -6 x 100 « 60 % 

In the same way the efiiciency of any other block and tackle 
may be found, and the student should carry out a series of 

* The above results were obtained by the Author from a block and 
tackle of the same kind as that shown by the previous figure, at a demon- 
stration in his Junior Applied Mechanics class. 
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experiments in a laboratory or workshop so as to impress the 
various measurements and the results on his memory. He will 
find that if the efficiency is over 50 per cent, a comparatively 
small load will run down and overhaul the free end of the rope, 
unless it has some restraining force applied' to it, or be fixed to 

some rigid body. It is for this reason that 
sailors, who work very much with ordinary 
block and tackle, always " belay " the free 
end of the rope when they have adjusted 
their sails or have heaved up a body to 
the required height. 

Example I. — A tackle, consisting of an 
ordinary double and treble block, is em- 
ployed for lifting a weight of 600 lbs. 
attached to the double block. What 
force is required, -neglecting friction? 
If the tackle is reversed, so that the 
weight is attached to the treble block, 
the free end of the rope being pulled 
upwards, what force would now be re- 
quired to lift the weight? (S. and A. 
Exam. 1892.) 

Answer. — First Case. — By an inspec- 
tion of the previous figure in this Lecture, 
it will be apparent that the weight W is supported hy five parts 
of the rope, or n = 5. 

*5? - 120 lbs. 




Block and Tackle. 
2nd Case, Example I. 



. P _ w _ w 

" *~ » ~ 5' = 5 



Second Case. — Here the system is inverted, so that the block 
with the three pulleys is lowermost, as shown by the accompany- 
ing figure. In this case it is evident that there are six parts of 
the rope supporting W, or n = 6. 

W W 600 



• P 



= 100 lbs. 



n 



Note. — If a machine be supposed to work without friction, then the ratio 
of the resistance overcome to the effort applied is termed the theoretical 
or hypothetical mechanical advantage. If, however, friction be taken into 
account and an effort P be able to overcome a resistance W, then the ratio 

W 

r~ is termed the mechanical advantage. 
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Leotubb VI.— Questions. 

1. Suppose that your weight is 10 stone 10 lbs., and that yon lift a 
weight of i cwt. on your shoulder, and walk upstairs with it to a height of 
20 ft. ; what work have you expended, and what will be your efficiency as 
a machine ? Ans. 4120 ft-lbs. ; 27 per cent. 

2. Suppose that you had a rope passed round a beam of wood, and that 
you attached £ cwt. to one end and pulled with a force of 84 lbs. on the 
other end and then elevated it 10 ft. : (a) what work have you put in ? 
(fc) what is the percentage efficiency of the arrangement ? (c) what is the 

percentage of lost work ? Ans. (a) 840 ft. -lbs. ; (b) 66*6 ; 33*3. 

3. Suppose that a weight of 4 cwt. is attached to one end of a rope passed 
round a pulley, ^and that you lift it 10 ft. by pulling on the other end of 
the rope with a force of 70 lbs.: what percentage of the work done is lost 
in overcoming the friction at the pulley ? Ans. 20 per cent. 

4. What will be the difference, and why, in the tension on the chain of 
a crane when a match-block is used, and when the weight is lifted directly 
Sketch a snatch-block, and describe its construction and action. 

5. In a rope and pulley lifting block with three sheaves in the upper 
block, and two sheaves in the lower block, find the theoretical advantage 
gained. Give the reason for your answer, and sketch the arrangement, 
showing where the rope is to be attached. Ans. W : P : : 5 : 1. 

6. Sketch an arrangement of 5 equal pulley sheaves for lifting a weight 
of 1 ton. What force is exerted on the rope in your arrangement ? Ex- 
plain the mode of arriving at this numerical result by the principle of 
work. (S. and A. Exam. 1891.) Ans. With 3 pulleys in upper block and 
2 in lower block, P = 44$ lbs. 

7. A tackle is formed of two blocks, each weighing 15 lbs., the lower 
one being a single movable pulley, and the upper or fixed block having two 
sheaves ; the parts of the cord are vertical, and the standing end is fixed 
to the movable block ; what pull on the cord will support 200 lbs. hung 
from the movable block, and what will then be the pressure on the point 
of support of the upper block ? Give a sketch. Ans. 71*6 lbs. ; 301*6 lbs. 

8. A weight of 400 lbs. is being raised by a pair of pulley blocks, each 
having two sheaves. The standing part of the rope is fixed to the upper 
block, and the parts of the rope, whose weight may be disregarded, are 
considered to be vertical. Each block weighs 10 lbs.; what is the pres- 
sure at the point from which the upper block hangs ? Ans. 522*5. 

9. A tackle, consisting of an ordinary double and treble block, is em- 
ployed for lifting a weight of 1000 lbs. attached to the double block. What 
force is required, neglecting friction ? If the tackle is reversed, so that 
the weight is attached to the treble block, the free end of the rope being 
pulled upwards, what force would now be required to lift the weight? 
Sketch the two arrangements. Ans. 200 lbs. ; 166*6 lbs. 

10. Apply the ''principle of work " to find the relation between the force 
applied and the weight raised by an ordinary set of block and tackle. 
State what is meant by the following terms : — (1) velocity-ratio ; (2) theo- 
retical mechanical advantage ; (3) actual or working advantage ; (4) work 
put in ; (5) work got out ; (6) efficiency of an apparatus or machine ; 
(7) percentage efficiency. 

11. With an ordinary block and tackle having 3 pulleys in upper block 
and 2 in lower block — i.e., 5 ropes attached to lower block— it is found that 
a pull of 50 lbs. is required to raise a weight of 165 lbs. Find — (1) Theo 
retical advantage and velocity ratio =5 : 1 ; (2) Actual advantage =3* 3 : 1 ; 
(3) Efficiency of apparatus = • 66 ; (4) Percentage efficiency of apparatus = 66. 
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12. A lifting tackle is formed of two blocks, each weighing 15 lbs. ; the 
lower block is a single movable pulley, and the upper or fixed block has 
two sheaves. The cords are vertical and the fast end is attached to the 
movable block. Sketch the arrangement and determine what pull on the 
cord will support 200 lbs. hung from the movable block, and also what will 
then be the pressure on the point of support of the upper block. (S. and 
A. Exam. 1896.) 

13. If the upper block of a set of pulleys and tackle has four equal 
sheaves, and the lower block three equal sheaves, and if a weight of one 
ton is hung on the lower block, one end of the rope being fixed to the 
ground and the other end free, what pull upon the tree end will raise the 
weight, and what distance will the weight rise for every yard of increase 
of length in the free end ? If the rope be fastened to the lower block 
instead of to the ground, what pull will raise the weight ? (S. and A. 
Exam. 1894.) 



^ 
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LECTUKE VII. 

Contents.— The Wheel and Compound Axle, or Chinese Windlass— The 
Principle of Moments applied to the Wheel and Compound Axle — The 
Principle of Work applied to the Wheel and Compound Axle — Ex- 
amples 1. 1 It — Weston's Differential Pulley Block — The Principle of 
Work applied to Weston's Differential Pulley Block— Experiment I. — 
Cause of the Load not overhauling the Chain — Questions. 

• . 

The Wheel and Compound Axle, or Chinese Windlass. 

— This ingenious contrivance was first devised by the Chinese 
for the purpose of lifting weights. The theoretical mechanical 
advantage is very great, but it possesses the disadvantage of re- 
quiring a long length of rope to lift the weight a small height. 

Its construction and action will be easily understood from the 
accompanying side and end views, which are taken from a model 





Side View. 



End View 
(Without End Bearing). 

The Wheel and Compound Axle. 
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made in the author's engineering workshop for the purpose of 
demonstrating its action and efficiency to his students. 

The Principle of Moments applied to the Wheel and 
Compound Axle. — Taking moments about the axle, we have, 
when there is equilibrium between P and W, 

PxR+-xr f = — xr, 

2 2 

PxR^^-r,) 

•' 2-R - 

The Principle of Work applied to the Wheel and Com- 
pound Axle.— Neglecting friction, and supposing the rope to be 
perfectly flexible, cause the wheel to make one complete revolu- 
tion in the direction shown by the arrow near its circumference 
on the end view. 

Then, by the principle of work, 

The work put in = the work got out. 
Or, P x its distance = W x its distance ; * 
i.e., P x circumference = W x J of the difference of the cir- 
of wheel cumf erences of the larger and 

smaller axles * 

Or, P x 2wR = W x £(21^ - 2nrJ 

(Dividing both sides of the equation by 2x)— 

PxR = ^(r l -r i ) 

...P.yfcizlji 

2 R 

Which is the same result as the one above ; consequently the 
principle of moments and the principle of work agree. 

Example I. — In a compound wheel and axle, where the weight 
hangs on a single movable pulley, the diameters of the two por- 
tions of the axle are 3 and 2 inches respectively, and the lever 
handle which rotates the axle is 12 inches in length. If a force 

W 

• If — is raised the circumference of the larger circle on one side, 

2 

W 

then — is lowered at the same time on the other side, the circumference 

2 ' 

of the smaller axle ; consequently W will be elevated a distance equal to 
half the difference of the circumferences ci two axles, or = J(2irr l - 2*r s ). 
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of 10 lbs. be applied to the end of the lever handle, what weight 
can be raised ? 
Answer.— Here P= 10 lbs.; R= 12" ; r^ 1.5" and r,= 1". 
By the principles of moments and of work— 

2 | 

ioxi2=WxJ(i.5-i) = Wx£x i = JW 
.• # W = 10 x 12 x 4 = 480 lbs. 

Example II. — In a compound wheel and axle, let the diameter 
of the large axle be 6 inches, and that of the smaller axle 4 inches, 
and the length of the handle 20 inches ; find the ratio of the 
velocity of the handle to that of the weight raised. 

Answer. — Here R = 20" ; r x = 3" ; r t = 2". 

By the principles of moments and of work— 

PxR=J(r,-r,) 



. p - ifr.-O 

• *W R 

P J(3-*) _i 

W 3 * 20 40 

Bui by the principle of work — 

P x its distance = W x its distance 
1 x P's distance = 40 x Ws distance 

.•. The velocity ratio, 

P's distance 40 



Or, 



W's distance 1 



Weston's Differential Pulley Block. — This practical appli- 
cation of the Chinese windlass is simply a compound axle without 
the wheel. Or, where R=r r 

W 
Hence, p x R = — (R-r) 

2 

where R is the radius of the larger axle or pulley, and r the 
radius of the smaller one. After describing Weston's differential 
pulley block, we will deduce this formula from the " principle of 
work " by the same kind of reasoning as we adopted in the case 
of the wheel and compound axle. We leave the student, however, 
to apply the " principle of moments," whereby he should get the 
same results. 
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As will be gathered from an inspection of the accompanying out- 
side view and the small diagram showing the directions of the forces 
and their arms, it will be Been that the 
apparatus consists of three parts — (i) 
an upper block ; (2) an endless chain ; 
(3) a movable lower block or snatch- 
block. The upper block has a hook 
with swivel joint, from which the iron 
frame is suspended. In the centre of 
this frame is a turned steel axle on 
which rotates a 
couple of pul- 
leys cast in one 
piece, and there- 
fore rigidly con- 
nected together. 
The one pulley 
is slightly larger 
than the other, 
and both pulleys 
have V-grooved 
peripheries with 
side ridges or 
teeth cast on 
the inner sides 
of the grooves, 
so as to fit the 

pitch of thelinks SKELET0K Tmmm 0F 
of the chain, Weston's Differential 
which passes Pulley Block. 

over them and 

thereby prevent it slipping over the 
surface of the pulleys. The lower or 
movable pulley is simply an ordinary 
smooth V-grooved pulley with swivel „ 
and hook like that already described Westok's Diffbhential 

, ,, . ,. ,, a i , t,, , „ Pullet Block. 

under the heading "Snatch Block. (By Holt &Wili,ett.) 
The endless chain is an ordinary open- 
linked chain of uniform pitch and size of link. It passes from 
the position where the hand or pull, P, is applied, over the larger 
pulley of the upper block, underneath the lower pulley, over the 
smaller of the upper block pulleys, and back to the starting-point. 
(See also the small figure.) When a pull, P, is applied at this part 
of the chain (if there were no friction), it would be transmitted with 
undiminished value throughout its whole length where the tension 
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can act ; but, as we shall see afterwards, a large proportion of this 

force is absorbed in overcoming friction. The stress due to the 

load W is divided equally between the two vertical parts of the 

chain connected to the lower block, and if W is moved through any 

•CD- 
distance, the stress — must act through double that distance. 

The Principle of Work applied to Weston's Differential 
Pulley Block and Tackle. — Theoretically (i.e., leaving friction 
out of account, the weight of the hanging part of the chain and 
the weight of the lower block), we have by the principle of work, 
in one revolution of the upper pulleys — 

P x its distance = W x its distance. 

P x circumference ofl W (difference of the circumferences of | 
the larger pulley J ~" 2 \ the larger and smaller pulleys. J 

P x 2irR «= — (2ttR — 27tr) 

2 

(Dividing each side of the equation by 2t) 

PxR = ^(R-r) 

2 

. p W(R-r). 

(1) The Theoretical Mechanical Advantage or ratio of W to P 
is found directly from the above equation by simple transposition. 

. W_ 2R 

(2) The Telocity Ratio (or ratio of the distance passed through 
by P to the distance passed through by W in the same time) is 
also found in the same way. 

. Fs distance 2wR 2R* 



• • 



W*8 distance J(2wR - 2nr) R - r 

Or, the velocity ratio has the same numerical value as the 
theoretical advantage. 

Experiment L— With a Weston's differential pulley block, 
having in the upper block one pulley with an effective radius of 
4" (i.e., from the centre of the pulley to the centre of the chain 
which passes round it), and a smaller pulley with an effective 
radius of 3 J", you can just lift a total load of 100 lbs. (including 
the dead weight, the lower block, and the hanging parts of the 
chain) by a pull of 20 lbs. on the chain. 

* Dividing numerator and denominator by w does not alter the fraction. 
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In this case the theoretical advantage and the velocity ratio are 

each equal to — 

aR 2x 4 * 8 16 

R-r~4"-3-5"~-5~ 1 

Or, the pull on the forward side of the chain must act through 
1 6 ft. for every foot the load is raised. 

(3) The Actual or Working Advantage of the machine is, how- 
ever, only as — 

W 100 lbs. 5 

P " 20 lbs. = r 

(4) The Work put in in lifting W 1 ft. is 

P x 16 = 20 lbs. x 16' = 320 ft.-lbs. 

(5) The Work got out is =Wxi = 100 lbs. xi' = 100 ft.-lbs. 

,,v «,, ^~ . . Work got out 100 ft. lbs. 

(6) The Efficiency « = Work pttt in = ^hAte. " * l 2 S' 

(7) The Percentage Efficiency is 

= .3125 x 100 = 31.25%. 

This is a very low efficiency for a machine, but it accounts for 
one of the useful properties of the Weston's differential pulley 
block — viz., that you can lift a weight by it, then let go your 
hold of the chain, and the weight will remain hanging in the 
exact position you left it, without overhauling the chain in the 
slightest degree. It is therefore an extremely useful appliance 
in engineering workshops where, for example, a slide valve and 
its valve casing port face have to be scraped so as to fit each other. 
After rubbing the valve on the port face, you can lift the valve 
by aid of a Weston's block, and leave it hanging, without any 
fear of its overhauling the chain which supports it, until you have 
scraped off the high or hard parts from the port face, when you 
can lower it for another rub. Or, in the case of having to adjust 
the centres of a heavy job to be turned in a lathe, you can lift the 
job from the lathe by a Weston's block, and leave it hanging 
quite free at the most convenient height to be acted upon, until 
you are ready to lower it again into position. Of course, with 
such apparatus, although the theoretical advantage is great, the 
actual or working advantage is small ; yet this property of not 
overhauling is of such importance that appliances possessing it are 
constantly being used in every engineering workshop. 

Cause of the Load not Overhauling the Chain. — In the 
first place, the chain cannot slip round the pulleys of the upper 
block, because the links of the chain fit into the notches or 



.*•%*.- 



78 LECTUEE VII. / 

between the outstanding teeth or ridges cast in their grooves. 
In the second place, the friction between the pulleys of the upper 
block and their axle is so great, that more than 50 % of the " work 
put in " is expended in overcoming it. 

To prove this, take the case of the above experiment. When 
the pull P and the load W are both in action, the downward 
pressure (due to these two forces alone) between the pulleys and 
their axle is 120 lbs. (100 lbs. for W + 20 lbs. for P). Now, 
remove the 20 lbs. pull, and you only relieve the pressure causing 
friction by £ ; for 100 lbs. (or £ of 120 lbs.) is still there. But 
friction is practically proportional to the pressure in such a case, 
and therefore, although the pull required to lift the load be 
removed, £ of the total friction will remain at the upper block, 
and the friction at the lower block is unaltered. In lifting the 
load of 100 lbs. 1 ft., there was put into the machine 320 ft. -lbs., 
or 220 ft. -lbs. was lost work, required solely to overcome friction. 
Consequently, to lower the load of 100 lbs. 1 ft. there would have 
to be expended at least £ of 220 ft. -lbs., or not less than 183 ft.-lbs. 
But the load can of itself only give out 100 ft.-lbs. in descending 
1 ft.; therefore it must be assisted by at least 83 ft.-lbs. 
(183 ft.-lbs. — 100 ft.-lbs.) put into the chain on the slack side, or 
where it comes down from the smaller pulley. 

This principle of the weight not running down (or overhauling, 
as it is technically termed) is common to all machines wherein 
more than 50 % of the force applied is spent in merely overcoming 
fractional resistance.* 

* The student should be most earnestly warned against such expres- 
sions as the following, which are only too common in books dealing with 
Applied Mechanics : — " By increasing the number of sheaves in a pair of 
pulley blocks, tlie power may he increased," Now, power, or the rate of 
doing work, can never be increased by any continuously acting mechanical 
device, so long as the work given out depends directly on the work put in. 
It is simply the force which can be augmented, whilst the distance 
through which it acts is diminished. Of course, in the case of a pile- 
driver where the weight is lifted slowly and let go suddenly, so that the 
rate of giving out work is greater than the rate of putting it in, it is true 
that the power is increased. But this is not a continuous acting mechani- 
cal device in the sense referred to above. The fundamental principle to 
be observed is, that no more work can be got out than has been put in. 
The term "mechanical powers" should also be avoided, and the expres- 
sions " simple machines * or " mechanical elements " used instead. 
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LECTURB VII.— QUESTIONS. 

t. Sketoh and describe the wheel and compound axle, or Chinese wind- 
lass. Apply the " principle of moments " and the " principle of work " to 
find the formula for the relation between the force applied and the weight 
raised by this machine. 

2*. In a compound wheel and axle the diameter of the two parts of the 
axle are 5 and 6 inches respectively. The weight raised, viz., W, hangs 
from a single movable pulley in the usual manner, and is supported by a 
pressure, P, applied perpendicularly to a lever handle 15 inches in length. 
Find the ratio of P to W. Sketch and describe the compound wheel and 
axle, and state its inconveniences. Ans. 1 : 60. 

3. A force of 20 lbs. draws up W lbs. by means of awheel and compound 
axle. The diameter of the wheel is 5 feet, and the diameters of the parts 
of the compound axle are 9 and 11 inches respectively; find W. Ans. 
1200 lbs. 

4. In a compound wheel and axle, let the diameter of the larger axle be 
8 inches, and the radius of the smaller one 2 inches, while the force applied 
to the handle passes through 47*12 inches in one revolution. Find the 
ratio of the velocity of the handle to that of the weight being raised. 
Ana. 7*5 : 1. 

5. Explain the mechanical principle upon which Weston's pulley block 
is constructed, and give a skeleton diagram showing the direction of all 
the forces at work. If the weight which is "being raised is left hanging, 
and the pull removed, why does the weight not descend ? 

6. Sketch and describe Weston's differential pulley block. If the diame- 
ters of the pulleys are 4 and 4 J inches, what weight can be raised by a 
force of 20 lbs. ? If the weight to be raised is half a ton, what force must 
be applied to the leading side of the chain ? (Neglect friction.) Ans. 
360 lbs. ; 62*2 lbs. 

7. Determine the relation between P and W in Weston's differential 
pulley block — (1) by the *• principle of moments " ; (2) by the " principle 
of work." 

8. If a weight is raised by a Weston's differential pulley block at the 
rate of 5 ft. per minute, and the diameters of the pulley of the compound 
sheaves are 7 and 8 inches respectively, at what rate must the chain be 
hauled ? (S. and A. Exam. 1888.) Work out answer in full from the prin- 
ciple of work. Ans. 80 ft. per minute. 

9. By experiment with a Weston's differential pulley block it was found 
that a pull of 15 lbs. on the. leading side of the chain was required to lift a 
weight of 60 lbs. (including the weight of the lower pulley and hook). 
The dimensions of the apparatus were — radius of larger pulley, 2 inches ; 
radius of smaller pulley, 1*75 inches. Find — (1) the theoretical advantage ; 

(2) the actual or working advantage ; (3) the efficiency or modulus ; (4) the 
percentage efficiency of the apparatus. Why does the weight remain sus- 
pended when there is no pull on the chain f Ans. (1) 16 : 1 ; (2) 4 : 1 ; 

(3) *5 ; (4) «S. 

10. Describe any machine, workable by hand, for lifting weights. Give 
the rule for its velocity ratio. When is its velocity ratio the same as its 
mechanical advantage ? Describe carefully how you would make tests to 
determine its real mechanical advantage under various loads. (S. and A. 
Exam. 1898.) 
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LECTURE VIII * 

Contents.— Graphic Demonstration of Tbred Forces in Equilibrium— 
Parallelogram of Forces — Triangle of Forces— Three Equal Forces in 
Equilibrium — Two Forces acting at Right Angles — Resolution of a 
force into Two Components at Right Angles — Resultant of Two Forces 
acting at any Angle on a Point — Resultant of any number of Forces 
acting at a Point — Example I. — Stresses in Jib Cranes — Examples 
II. III. — Stresses on a Simple Roof— Example IV. — Questions. 

In Lecture I. we explained and illustrated how a force may be 
represented by a straight line both in direction and magnitude, 
and we defined the terms components, equilibrant, resultant, re- 
solution, and composition of forces. We will now discuss briefly 
the case of three forces in equilibrium when acting towards or 
from a point, as well as the parallelogram and the triangle of 
forces with examples, before taking up the inclined plane and 
friction. 

Graphic Demonstration of Three Forces in Equilibrium. 
— Experiment I. — Take a black board which (for convenience of 
handling and demonstration before a class) may be of the form 
shown by the accompanying figure. Select two movable clamps, 
each fitted with a small V-grooved pulley about 2 inches in dia- 
meter, with a minimum of friction at their bearings, and fix them 
to the outside of the board as indicated. Pass a very fine flexible 
cord over the pulleys, and attach to the ends of this cord S hooks. 
Hang from these hooks weights of say 24 oz. and 32 oz.,and from 
the cord (anywhere between the pulleys) another cord with an 
S hook and a weight of, say, 40 oz. After a few up-and-down 
oscillations these three weights will come to rest in the definite 
position shown by the figure, and if you disturb them from this 
position they will invariably return to it again. Consequently, 
you conclude that the three forces acting from their common 
point of attachment are in equilibrium, and that the force 40 oz. 
is the equilibrant of the two forces 24 oz. and 32 oz. 

* This Lecture may require two meetings of a class when the students 
have had no previous training in Theoretical Mechanics. In any case, it 
will be well to spend at least one with a revisal hour before the written 
examination, which should now take place upon the work gone over since 
the beginning of the session, prior to the Christmas holidays. 
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With a piece of finely pointed white chalk, draw lines (from the 
point where the three forces act) on the black board parallel to the 
cords, and plot off from this point to any convenient scale (say by 
aid of a two-foot rule) distances along them to represent their 
respective magnitudes. Extend from the same point in an upward 
vertical direction another line, and mark it off to represent 40 oz. 
This line evidently corresponds, in point of application, direction, 
and magnitude, to the resultant of the components (24 oz. and 
32 oz.), for it is equal and opposite in direction to their equili- 




Gbaphic Representation of Forces in Equilibrium. 

brant. From the extremity of this resultant draw lines joining 
the outer ends of the components (24 oz. and 32 oz.). Then you 
have a parallelogram whose adjacent sides from the point of 
application, represent, both in direction and magnitude, the com- 
ponent forces, and whose diagonal represents, also both in direc- 
tion and magnitude, their resultant. 

If any other pair of convenient weights be selected and applied 
in the same way, you can find an equilibrant and resultant for 
them. From these experiments you conclude that a general prin- 
ciple, termed the " parallelogram of forces," is true without having 
recourse to any special mathematical reasoning, F 
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Parallelogram of Forces. — If two force*, acting simultane- 
ously towards or front a point, be represented in direction and 
magnitude by the adjacent sides of a parallelogram, then the re- 
sultant of these forces wiU be represented in direction and magnitude 
by the diagonal of the parallelogram which passes through their point 
of intersection. 

For example, let any two forces, P and Q, act from the point 
O at any convenient angle, say 6o°, then, if OA and OB be 

plotted to scale to represent these 
forces in direction and magnitude, 
the diagonal OD of the parallelo- 
gram OADB will represent in direc- 
tion and to the same scale their 
resultant R. But the resultant R 
is equal and opposite in direction 
to a force E, which would exactly 
balance the effect of P and Q, or to 
a force represented in direction and 
in magnitude by the line DO. Further, since the side AD is equal 
and parallel to the side OB, it may be taken to represent Q in 
direction and magnitude. Hence we have the three sides of the 
triangle OAD taken in the order OA, AD, DO, representing in 
direction and magnitude three forces, P, Q, E, in equilibrium, 
acting from the point O. Hence we have a general proposition 
termed the " triangle of forces," or a deduction from the "paral- 
lelogram of forces." 

R 

/ i R 




O Component 

Parallelogram of Forces. 





¥ 

E 

Triangle of Forces. 

Triangle Of Forces. — If three forces acting towards or fr&m a 
point are in equilibrium, and a triangle be drawn with its sides 
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respectively parallel to those forces taken in due order, then Hie 
forces will be represented to scale by the sides of the triangle. 

Conversely : — If three Jorces acting towards or from a point 
are represented in direction and to scale by the sides of a triangle 
taken in due order, these three forces are in equilibrium. 

For example, let the three forces P, Q and E act from the 
point O, and be in equilibrium. Draw a triangle with its sides, 
P, Q, E, respectively parallel to these forces ; then the sides of 
this triangle, taken in that order, represent to the same scale these 
forces. Or, if the triangle, whose sides are respectively P, Q and 
E, represent in direction and to scale the three forces P, Q and 
E, as they act from a point 0, these forces are in equilibrium. 
We have shown by a dotted line the resultant It, and its direc- 
tion as opposed to E, by the same side of the triangle. 

It is quite evident that if the forces P, Q and E acted 
towards the point 0, instead of from it, the triangle P, Q, E 
would still represent these forces in magnitude, but the direction 
of all the arrows would have to be pointed the opposite way. 

Special Cases.— Three Equal Forces in Equilibrium. — It can 
easily be proved by the apparatus used for Experiment I., or by construc- 
tion, that if yon have three equal forces in equilibrium they must act at 
120 from each other, and that the triangle representing their directions 
and magnitudes will be an equilateral triangle, or a triangle whose angles 
are each equal to 6o°. 

Two Forces acting at Right Angles. — In this case it can be 
proved by the same apparatus, or by Euclid, Book I. Prop. 47, that any two 
forces P and Q, acting at right angles to each other, have a resultant R, or 
are balanced by a third force E, of such magnitude that — 

E^R^pa + Q 2 

Consequently, if you hare any two forces in the proportion of 3 to 4 
acting at right angles to each other, their resultant will proportionately 
be 5. 
For, suppose P=3<*> Q=4«» where a is any number of units of force. 

Then, R 2 =P 9 +Q 2 , 

=9a a + i6a s , 

=250*, 

.\ R= V25<* 2 =5« 

••• P:Q:R=3a:4a:5a 

= 3:4:5- 

Conversely, If any two forces in the proportion of 3 to 4 units are 
balanced by a third force proportionally of 5 units, the forces 3 and 4 must 
be acting at right angles to each other. 
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Besolution of a Force into Two Components at Right Angles 
to each other.* — Let R be the force to be resolved, P and Q the com- 
ponents, and let R make an angle, 0, with the force Q. 

Then . . . ft . Cos 9 = Q ; f or Cos $ = % 

Hi 

And . . . ft . Sin $ = P ; f or Sin 6 = ? 

XV 

Also . . . ~® in -*= ? = Tan 9 

R . Cos $ Q 

Resultant of Two Forces acting at any Angle on a Point. — 

The proof of this general case must be left to the Author's Advanced 
Treatise on Applied Mechanics, but the formula may be given here, viz. : 

R 2 = P 2 + Q 2 + 2P x Q Cos a 

where P and Q are any two forces, R their resultant, and a the angle 
between the directions of the forces P and Q. 

IfP=*Q, then— 

R 8 = P 2 + P 2 + 2P 2 Cos a = 2P 2 + 2P 2 Cos a 

or, R 2 = 2P 3 (1 + Cos a) = 4P 2 Cos* " 

2 t 

,\ R = 2P Cos - (Since Cos a=2 Cos 2 f -,) 

2 2 

Resultant of any Number of Forces Acting at a Point— Let 

P, f P 2 . P„ &c, be any number of forces acting at a point ; then, by the 

parallelogram of forces find a resultant, R„ 
for P, and P a ; and a resultant, R^, for R, and 
P t ; and so on. The last resultant will be the 
resultant of all the forces. 

Example I. — Forces 3, 5 and 7 units act 

from a central point O at equal angles. Find 

the resultant. 

Answer. — Let OA, OB and OC represent 

the forces in direction and magnitude. Then 

A~~F StX'V^vfcX y ou can follow out the above rule and find a 

** " resultant for, say, 3 and 5 — call this R, ; and 

finally find a resultant for R, and 7. But it is 
obvious that you may subtract 3 units from 
each of them without affecting the result,, 
since the forces are acting at equal angles 
from each other. This will destroy one of 
them, and leave OB, to represent 2 units,, 
and OC, to represent 4 units. Then, by. the- 
parallelogram of forces you find the resultant 
R=3'5unit8. 

* ThB reverse of this may be applied to the composition of two or more 
foroes acting at a point in one plane, but we will leave the demonstration 
of such problems, as well as that of the polygon of forces, to our Advanced) 
Book on Applied Mechanics. 
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Stresses in Jib Cranes. — As a practical example oE the appli- 
cation of the " triangle of forces," take the case of an ordinary 
hand-worked jib crane. The load is suspended from the hook 
H of the snatch-block SB ; or, in the case of a crane for lifting 
light loads quickly, to a simple hook with a swivel attached directly 



Ik 

CP represents Central post. 

V „ Framing. 

WG „ Wheel gear. 
C „ Chain. 
TB „ Tie-roda. 

to the end shackle of the chain C, as it comes down from the jib 
pulley JP, instead of the chain passing round a snatch-block 
pulley, and up to an eyebolt near the point of the jib. . 



J represents Jib. 
JP „ Jib pulley. 
SB „ Snatch-block. 

H „ Hook. 



86 



LECTURE VIII. 



(i) The load produces a tension on the chain C. 

(2) A thrust along the jib J, from the jib pulley to the 
eye-bolt connecting the shoe of the jib to the bottom of the 
framing F. 

(3) A tension in the tie-rods from the top of the framing to 
their connection with the top of the jib. 

(4) This tension on the tie-rods produces a horizontal pull, 
tending to bend and break the crane-post CP, where it leaves the 
upper foundation plate-bearing and joins the framing. Cranes 
for heavy lifts require a back balance weight to counteract this 
force. (See the third figure in Lecture XIII.) 

(5) It also causes an upward pull, tending to unship or lift the 
crane-post from its bearings in the upper and lower foundation 
plates. 

The directions and values of these stresses will be better under- 
stood by the student after considering a particular example. 

Example II. — In a hand- worked jib crane of the form shown 
by the above figure, the length of the jib is 30 feet, the lengths of 
the tie- rods are 25 feet each, and the vertical distance between 
the attachments of the tie-rods and of the jib to the framing, is 
12 feet. Find the stresses produced on these parts of the crane 



J i 



A 1 

X 
1 
1 
1 

I 







Frame and Stress Diagram for a Jib Crane. 
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by a load of 10 tons hung from the hook, neglecting all other 
stresses produced by the weight of the several parts of the 
crane. 

Answer. — Firsts draw a " frame diagram," or figure to scale, 
representing the directions and the lengths of centre lines of the 
various parts under stress. As shown by the frame diagram of 
the accompanying upper figure, AB represents the 1 2 feet vertical 
distance between the foot of the jib and inner ends of the tie-rods 
marked post, BC represents the 30 feet jib, AC the 25 feet tie- 
rods, and OW the 10-ton load — all to the same scale. 

Now, it is evident from an inspection of this figure that the load 
W causes— 

(1) A vertical downward tension on the chain from to W. 

(2) A thrust or compression along the jib from to B, which 
produces an equal and opposite reaction from the framing at B 
along the jib from B to C. 

(3) A tension on the tie-rods from A to 0. 

(4) This tension on the tie-rods may be resolved into a hori- 
zontal pull or force from A towards the direction of W, tending 
to bend or break the post about B. 

(5) Also, a vertical upward pull or force in the post from B 
towards A. 

The student should mark the directions of these various forces 
by arrowheads on his frame diagrams. 

Second, draw a " stress diagram," viz., ab, vertical and to a con- 
venient scale, to represent the downward force of the 10-ton load 
on the point ; be, parallel to the reaction along the jib from B to 
C ; and ca, parallel to the tension in the tie-rods from to A. 

Then, by " the triangle of forces," since we have three forces 
acting from the point (viz., load, reaction along jib, and tension 
in tie-rods) in equilibrium, and since we have drawn a triangle with 
its sides respectively parallel to these forces taken in due order ; 
the forces will be represented to one scale by the sides of this 
triangle. Consequently, ab represents the load to scale ; be the 
reaction along the jib; and ca the tension in the tie-rods. Now, 
this tension on the tie-rods may be resolved into vertical and 
horizontal components by the method already described in this 
Lecture ; therefore, a vertical line, ad, represents the vertical 
component or upward pull on the post, and dc the horizontal pull 
on the same, both in direction and to the same scale as ab repre- 
sents the load. By applying the scale to which ab has been 
drawn to represent 10 tons (viz., T y to 1 ton), be shows 25 tons ; 
ca, 20*7 tons (which would be 10*35 ^ ons on eac ^ tie-rod if they 
were parallel to each other, but more if inclined from the jib-head 
to the outside of the framing) ; cd, 20 tons; and ad, 4 tons. 
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Tension in the Tie-rod 
and Thrust in the Jib 
op a Crane. 



Example III. — In a common crane the jib is 15 feet long, and 
the tie-rod 12 feet. The tie-rod is attached to the crane post at a 
point 5 feet above the foot of the jib. If a weight of 6 tons be 
hung from the point of the jib, find the tension in the tie-rod and 
the thrust in the jib. ' 

Answer. — First draw the frame diagram as explained in Ex- 
ample II., marking the lengths of the parts by dotted lines and 

arrow-heads. (The student in his 
diagrams should also mark the direc- 
tions of the stresses.) 

Second, on the line of action of 
the weight W draw ca to scale to 
represent the direction and magni- 
tude of the weight, 6 tons, lien 
draw cb parallel to the jib, and ah 
parallel to the tie-rod. The triangle, 
cab, represents by its sides to one 
scale the magnitudes of the forces 
— viz., 14.4 tons tension in the tie- 
rods and 18 tons thrust or reaction 
in the jib.* 

Stresses on a Simple Roof. — 
Example IV. — The weight on each principal of a simple 
triangular roof is 1 ton. Eind the stresses on the points of 
support and in the several members of the principal. 

Answer, — First, draw a frame diagram of the principal, where 
AB and AC represent the direction and length of the rafters, 
and BO represents the tie-beam. 

Then, the whole weight may be supposed to act in a vertically 
downward direction, AW, from the junction of the rafters through 
the middle of the tie-beam. This weight naturally produces a 

W - 
pressure at B and at of — . It also produces at these points 

W 

reactions B x and B 2 , each equal to — , since the whole is sym- 

metrically balanced about the central vertical line AW. Further, 
there is a stress of compression along the rafters in the directions 
AB and AC, and consequently an equal and opposite reaction 

* We have purposely used the letters ABC and abc differently placed 
from the previous figures in Example II., and have drawn the stress dia- 
gram in a different position, in order to teach the student that he must not 
depend upon his memory with regard to letters, but upon a clear under- 
standing of the "triangle of forces." Students should draw their frame 
and stress diagrams to as large a scale as their exercise books will admit. 
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along those members from B to A, and from C to A. Also, there 
is an equal tension on the tie-beam from its centre towards B and 
towards C. 

Second, draw the stress diagram for the three forces that are in 
equilibrium at the bearing C (viz., the vertical downward pressure 

W 

— , the horizontal tension along the tie-beam and the reaction along 

the rafter from C to A) by plotting DC as a vertical line to scale to 

W 

represent — , or 10 cwt., and drawing DE parallel to AC, and 

producing the tension on the tie-beam until it meets this line DE. 
Therefore, the other sides of the triangle DCE represent in 



15 cwt. 




Framb and Stress Diagrams of a Simple Roof. 

direction and to the same scale as DC represents 10 cwt. ; the ten- 
sion on the tie-beam by CE, equal to 10 \ cwt. ; and the reaction 
along the rafter by ED, equal to 15 cwt. 

In a precisely similar manner the stresses at the bearing B may 
be found by the " triangle of forces." 

We will leave the more complicated questions in graphic statics 
to our book on the Advanced Stage of Applied Mechanics, since 
we believe the elementary or first year's student will find that 
what has been included in this Lecture is sufficient to enable him 
to understand what will be brought before him in the future 
Lectures of this book, as well as prepare him for answering the 
various problems which are likely to be asked of him. 
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r Lbctubb VIII.— Questions. 

1. State the principle of the parallelogram of forces, and explain how von 
would prove the truth thereof by experiment. A vertical force of 50 lbs. 
is balanced by two forces of 30 lbs. and 40 lbs. Find their directions and 
the angle between them. 

2. Represent the point of application, the direction and the magnitude 
(to a scale of re inch to a pound) of the following forces : — 10 lbs. acting 
northwards, 15 lbs. acting eastwards, 20 lbs. acting southwards, and 25 lbs. 
acting westwards, all from one point. Find their resultant, and its direc- 
tion. Ans. 14* 1 1 lbs. acting south-west. 

3. State the principle of the triangle of forces. Three forces, P, Q and 
R, act from or towards a point, and are in equilibrium. Show graphically 
how you would represent their magnitude and direction by the three sides 
of a triangle taken in order. Explain the converse of this question. 

4. Two ends of a piece of cord are fastened to two nails in a wall 8 ft. 
apart in a horizontal line. The cord is 10 feet in length, and has a knot 
4 ft. from one end, from which point a weight of 25 lbs. is suspended. 
Find by construction the stresses on the nails, and indicate their direction 
by arrows. Ans. 22*5 lbs. ; 17*5 lbs. 

5. Show how to resolve a force into two components at right angles to 
each other. A force of 100 lbs. acts at (ist) 30 , (2nd) 45°, (3rd) 60 , (4th) 
75 to the horizontal. Find by construction the vertical and horizontal 
components for each case, and prove your results by calculation. 

6. Sketch an ordinary hand- worked jib-crane. Explain its action by an 
index to parts, and show how the various stresses due to a load on the 
chain act, by aid of a frame and a stress diagram. Nine tons is hung 
from the end of the jib of a crane, which is inclined to the horizontal at 
an angle of 6o°. If the compression on the jib is 16 tons, find by frame 
and stress diagrams the tension on the tie-rod. Ans. 9*4 tons. 

7. In a crane, show the method of estimating the tension of the tie-rod 
and thrust on the jib when a given weight is hung from the end of the jib. 
If the load =6 tons, and the tension of the tie-rod (which makes an angle 
of 6o° with the vertical) = 18 tons, find by a diagram drawn to scale the 
thrust on the jib. (S. and A. Exam. 1890.) Ans. 21*6 tons. 

8. In a common crane the jib is 30 ft. long and the tie-rod 24 ft. The 
tie-rod is attached to the crane-post at a point 10 ft. above the foot of the 
jib. If a weight of 10 tons be hung from the point of the jib, find by con- 
structing a frame and a stress diagram — (a) the tension on the tie-rod ; 
(b) the thrust on the jib ; (c) the horizontal pull on the post ; (d) the up- 
ward pull on the same. Ans. (a) 24 tons ; (6) 30 tons ; (c) 21*2 ; (d) 11 -a 
tons. 

9. A symmetrical pair of steps, hinged together at the top and connected 
together by a string at the bottom, stands on a smooth horizontal plane. 
If the length of each side be 3 feet 3 inches, and the string be 3 feet in 
length, find the tension of the string when a person of 140 lbs. in weight 
stands on the steps at a height of 2 feet from the ground ? How is the 
tension of the string affected as the person ascends the steps ? (S. and 
A. Exam. 1896.) 
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io. A rectangular trap-door measuring 4 feet square and weighing 
75 lbs. is hinged with one edge horizontal, and is supported in the 
horizontal position by a chain which is connected with the middle point 
of the outer edge of the trap-door, and with a point vertically over the 
middle point of the edge in which the hinges are fixed, but 7 feet above it. 
Sketch the arrangement, and determine the tension upon the chain and 
the reaction on the hinges. (S. and A. Exam. 1895.) 

11. A load, W, of 2000 lbs. is hung from a pin, P, at which pieces AP 
and BP, meet like the tie and jib of a crane. The angles WPB and WPA 
are 30° and 6o° respectively. Show by a sketch how to find the forces in 
AP and BP. Distinguish as to a piece being a strut or a tie. (S. and A. 
Exam. 1897.) 

12. Two pieces in a hinged structure meet at a pin, and a load is 
applied at the pin. Show how we find the pushing or pulling forces in the 
pieces. Describe an apparatus which enables your method to be illustrated. 
(S. and A. Exam. 1898.) 
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LECTURE IX. 

Contents.— Inclined Planes— The Inclined Plane without Friction— 
When the Force acts Parallel to the Plane— Example I. — When the 
Force acts Parallel to the Base— Example II. — When the Force acts 
at any Angle to the Inclined Plane — Example III. — The Principle of 
Work applied to the Inclined Plane — Example IV. — Questions. 

Inclined Planes, — An inclined plane is a plane surface inclined 
to the horizontal, whereby a certain force may be used to raise a 
greater weight to a desired height than could be done by applying 
it directly to elevate the weight vertically. Inclined planes are 
also used for easing down weights with less retarding force than 
would be necessary to lower them vertically. In another form, 
called the wedge, inclined planes are employed for splitting bodies, 
or different parts of the same body, asunder, as in the case of the 
steel wedge used by the woodman to split up logs for firewood and 
other purposes. Wedges are also used for forcing bodies together, 
and for fixing them tightly in a desired position ; or for elevating 
them through a small distance, as in the case of the levelling of 
the heavy cast-iron sole-plate of an engine. And further, as we 
shall have occasion to prove, the well-known screw, in whatever 
form it may be applied, is simply an inclined plane of a particular 
shape. 

The Inclined Plane without Friction. — In the first place, 
we will consider the inclined plane with a body placed thereon and 
kept in position by a force applied to the body, when all friction 
between the plane and the body is supposed to be absent or negligible 
— i.e., both the plane and the body are assumed to be perfectly 
smooth. There are three cases of this statical problem. 

(i) When the force supporting the body acts parallel to the 
inclined plane. 

When the force acts horizontally. 

When the force acts at any angle to the plane. 

Case I. — Let the force P act parallel to the plane, and let the 
accompanying figure represent a vertical section through the plane 
and the e.g. of the body. Let a be the e.g. of the body ; W its weight, 
acting vertically downwards along the line aW ; P the necessary 
pull (to keep the body in position) applied along the line aP, 
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parallel to the plane AB ; and R the reaction from the plane (due 
to the weight of the body resting thereon), acting along the line 
aR, at right angles to the plane. 

Also, let the length of the plane AB be indicated by I ; its 
height, BC, by h ; its base, AC, by b ; and the angle of the plane 
to the horizontal by a. 

Now, by the " triangle of forces," since we have three forces, 
W, P and R, acting at a, the e.g. of the body, and since these 
forces are in equilibrium, if we construct a triangle whose sides 
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Inclined Plane, Case L 
When P acts Parallel to Plane AB. 

are parallel to these forces, they will represent them in direction 
and in magnitude. 

Therefore, plot off along the line aW a distance ab, to repre- 
sent the weight of the body W, to any convenient scale. From, b, 
draw a . line be parallel to P, and from, a, extend the direction of 
R to, c, by the line ac. 

Then, W : P ; R : : ab : be : ca 

But by Euclid the triangle abc is similar to the triangle ABC. 

ab : be : ca : : AB : BC : CA 
AB:BC:CA:: I : h : b 
P: R :: I : h : b 
R b 






And, 
Consequently, 

Or, 



I 



Or, 



JP 
W 

P 
W 



w 

7 



W~7 j and R " T 



T - — bin a ; - 



R 
W 



Cos a ) and — = Tan a 
R 



Precisely the same results will be arrived at if (as shown by the? 
right-hand side of the figure) we considered the vertical side BC 
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of the triangle ABC as representing "W, and then have drawn a 
line from C on the direction of AB, parallel to R. It will form 
a useful exercise for the student if in every case he will plot down 
both methods, and mark along the sides of the triangle of forces 
the respective forces which they respectively represent. 

Example I. — A weight of ioo lbs. is supported on a smooth 
inclined plane by a force P, acting parallel to the plane. If the 
incline be i in 10/ find P, and give the reasoning by which you 
establish the result. 

Answer. — Draw a figure exactly the same as that accom- 
panying Case 1, and mark W = 100 lbs., J= 10, and h = 1. Then 
by the " triangle of forces " : 

P BC = h = 1 
W ~ AB I 



10 



p = wJL = 



IOO 



= 10 lbs. 



Case 2.- 



10 10 
■Let the force P act parallel to the base, with the same 




Inclined Plane, Case 2. 
When P acts Parallel to Base AC. 

signification for each of the forces and parts of the inclined plane, 
and the same assumptions. Then plot off ac, along aW, to represent 
W ; draw cb parallel to P, and extend the direction of R back- 
wards along ao, until it meets cb at the point b 
Then W : P : R : : ao : cb : ba. 

But by Euclid the triangle acb is similar to the triangle ACB. 

••. ac : cb : ba :: AC : CB : BA 

And, AC :CB:BA:: b : h : I 
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Consequently, W : P : R 

^ P - * 

Or, W"J' 



h : I 



R I A P h 

.— • = -r ; and -- = - 
W 6 ' R Z 



Or, 



^-.^Tanaj — = Sec a; and -— = Sin a 
WW xw 



Precisely the same results will be arrived at if (as shown by 
the right-hand side of the figure) we considered the vertical side 
BO of the triangle ABC as representing W, and then draw a line 
from C parallel to R, and a line BD, parallel to P, to meet the 
line CD. 

Example II. — A force of ioo lbs. is supported on a smooth 
inclined plane by a force P acting parallel to the base. If the 
incline be i in 10, find P. 

Answer. — Draw a figure exactly the same as that accom- 
panying Case 2, and mark W = ioo lbs., 1= io, and h = i. 

Then, by the " triangle of forces " : 

JP CB _ h i i ii 

W 



AC 



• P = 



w 



av/ioo-i ^99 9-95 
= 1005 lbs. 



ioo 



9*95 9*95 

Case 3. — Let the J vrce P act at any angle 6 to the inclined plane 
AB. With the same signification for each of the forces and parts 
of the inclined plane, and the same assumptions, plot off from a, 




"7 



—A 



Inclined Plane, Case 3. 
When P acts at any Angle to Plane AB. 
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along the line aW, a distance am, to any convenient scale to 
represent the weight of the body W. From this point, m 9 draw 
a line mn parallel to P, and extend the direction of B backwards 
to meet this line. This small triangle, amn, will be a " triangle 
of forces,' 1 for W, F and B, which are in equilibrium about the 
e.g. of the body at a. 

But in this case the student will probably realise the proof of 
the problem more easily if he considers BO as representing to 
scale the weight W, and then draws CD parallel to B, and DB 
parallel to F, 

When W : B : F : : BO : CD : DB, 

or the triangle BOD is the " triangle of forces," representing the 
forces W, B and F in direction and magnitude by the sides BC, 
OD and DB respectively. 

P DB B CD , P DB 

Or =— • — — — — : and — a 

w ' W~BC'W BO' B CD 

If we resolve the force F (which acts at the angle 6 to the in- 
clined plane) parallel to the plane, then we can treat the com- 
ponents of F exactly in the same way as we did the simple force 
P in Case 1. 

If we resolve F into the direction of B, then this component 
acts with B, and is evidently balanced by the resolved part of W 
in the same direction — t.e., along the line, an* 

Example III. — A weight of ioo lbs. is supported on a smooth 
inclined plane by a force F, acting at 6o° in an upward direction 
from the inclined plane. If the incline be i in io, find F. 

Axsweb. — Draw a figure exactly the same as that accompanying 
Case 3, and mark W= ioo lbs., 1= io, h= i, and 6 — 6o°. 

Then by the " triangle of forces," BC represents W, and DB 
represents F to scale. Measuring their respective lengths we get 

P=w5? -ioo — =20 lbs. 
BC ioo 

Principle of Work applied to the Inclined Plane. — 

Beferring to the figure for Case 1, let the body, whilst under 

the action of the three forces W, P and B, be moved the whole 

length of the incline. Therefore F acts from A to B, and at the 

same time W acts thromgh a vertical height CB. Consequently, 

neglecting friction as before, we have by the " principle of work" — 

The work put in — The work got out 

Pxite distance =W x its distance 

PxAB = WxCB 

PxZ = Wx* 

PA _ _ „, h 

.*. ^- t ; and P-W < — 

G 
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Raising Barrels by 
Return Rope and In- 
clined Plane. 



Bui this is precisely the same result as we got by applying the 
principle of the " triangle of forces." Hence, the " principle of 
work" agrees with the "triangle of forces" in respect to the 
inclined plane. 

Cases 2 and 3 may be treated by the student in exactly the 
same way, and the correct results will be the same as those found 
by the " triangle of forces/' 

. Example IV. — An inclined plane is used for withdrawing 
barrels from a cellar by securing two ropes to the top of the 
incline at B, then passing them down the incline, half round 

the barrel, and up to the horizontal 
platform at the top of the incline, where 
two men pull on the ropes in a direction 
parallel to the plane. If the weight, W, 
of the barrel is 200 lbs., the length, /, of 
the incline 20 ft., and the height 10 ft., 
find, by the principle of work, the least 
force which must be exerted by the two 
men, and the work expended, neglecting 
friction, in drawing the barrel from the 
cellar. 

Let the accompanying figure represent a vertical cross section 
through the middle of the barrel and the inclined plane. Then a 
statical force, P, applied at the e.g. of the barrel, would just balance 
its weight, W, and the reaction from the plane (not shown). 
By the principle of work, neglecting friction — 

The work put in = The work got out. 
P x its distance = W x its distance. 

PxZ = WxA. 

P = W T = 200 — > =100 lbs. 
I 20 

But by passing the rope round the barrel, as explained in the 
question, this force P is halved on the ropes (see Lecture V. on 
the pulley and snatch-block). Therefore the least force which 
the two men must exert in order just to move the barrel will be — 

P 100 _ . t _ 
- = — *= 50 lbs. 
2 2 

But this force acts through a distance 2 £=40' ft.; therefore the 

work expended will be — 

p 

- x 2 Z = so lbs. x 40' = 2000 ft. -lbs. 

Or, work got out = W x h *» 200 lbs. xio'« 2000 ft.-lbs. 
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In this question we have a combination of the pulley and the 
inclined plane. The inner ends of the two ropes being fixed at 
the top of the inclined plane, the force with which the men act 
on the free ends is communicated throughout the ropes, so that 
the stress in the ropes on each side of the barrel balances the 
force P, that would be required to move the barrel up the incline 
if applied at its centre of gravity. 

Or, the theoretical advantage due to the pulley part of the 

system is, , . # ^^f 

P P I 

2 

Then for the inclined plane part we have by the " triangle of 
forces," or by the " principle of work," a theoretical advantage of— 

W_j_20_2 
P~A~IO~I 

Therefore, the total theoretical advantage is the product of the 
two separate advantages, viz. — 

2P W_2 2 4 

P x P = 7 X 7~T 

Consequently, a force of i lb. applied at the free end of the rope 
would balance a weight of 4 lbs. on the incline. Or, as in the 
question, and, neglecting friction, a barrel weighing 200 lbs. requires 
a pull of 50 lbs. to move it up the inclined plane. 

We have simply split up the total advantage in this way to 
show the student that the combined advantages of the several 
parts of a compound machine must equal the advantage of the 
whole. We might have said at once, as we have done before in 
other cases — 

W 2000 4 
The Theoretical Advantage *'p" ak ~i — ^T 

Note*— -I have this day (Sept. 9, 1892) witnessed the interesting opera* 
tion of lowering four very large 2<j*ton steam boilers of the marine type, 
down an inoline of about 100 feet in length by the method described in the 
foregoing question. One man, by aid of an ordinary block and tackle, 
supplied the requisite restraining force on the free end of the rope. 
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Leotubb IX.— Questions. 

i. Prove by the triangle of forces (drawn to scale) the relation betweei 
the weight W of a body resting on a smooth inclined plane, the reaction, 
R, from the plane, and the force, P, necessary to just balance the weight — 
(i) when the force, P, acts parallel to the plane ; (2) when it acts parallel 
to the base ; (3) when it acts at an angle, 0, to the plane. 

2. A ball, weighing 100 lbs., rests on an inclined plane, .being held in 
position by a string which is fastened to a bracket so as to be parallel to 
the plane. The height of the plane being J of the length, find the tension 
of the string and the pressure perpendicular to the plane. Establish your 
results by reasoning on known principles, such as the principle of work or 
that of the parallelogram of forces. Ant. P=£3*3 lbs., andr R=94*3 lbs. 

3. Prove the relation between W, P and R, aoting on a body resting on 
a smooth inclined plane by the "principle of work " for cases 1, 2 and 3 
in this Lecture. An incline is 1 ft. in vertical height for 15 in length. A 
weight of 100 lbs. rests on the plane and is held up by friction ; make a 
diagram for estimating the pressure on the plane, and find its amount. 
Ant. 99*7 lbs, 

4. Friction being neglected, find the force, acting parallel to the plane, 
which will support 1 ton on an incline of 1 ft. vertical and 10 ft. along the 
incline. Prove the formula which you employ. If the incline were 1 ft. 
vertical and 280 ft. along the incline, find the force in pounds which would 
support 1 ton. (S. and A. Exam. 1890.) Ant. 224 lbs., and 8 lbs. 

5. A smooth incline plane has a vertical side of 1 ft., and a length of 
10 ft. ; what work is done in pulling 10 lbs. up 8 ft. of the incline ? Ant, 
8 ft. -lbs. 

6. When a body is raised through a given height, how is the work done 
estimated ? A body weighing 8 cwt. is drawn along 100 ft. up an incline, 
which rises 2 ft. in height for every 5 ft. along the incline ; the resistance 
of friction being neglected, find the work done. Ant. 35,840 ft. -lbs. 

7. A smooth incline is 8 ft. long, and the total vertical rise from the 
bottom to the top thereof is 2 ft. What amount of work is performed in 
drawing a weight of 100 lbs. up 4 ft. of the incline, and what is the least 
force which will do this work f Ant. 100 ft.-lbs. ; 25 lbs. 

8. Friction is neglected, and it is found that a force acting horizontally 
will move 10 lbs. up 5 ft. of an incline rising 1 in 4. Find the work done, 
and find also the force parallel to the plane which will just support the 
weight of 10 lbs. Ant. 12*5 ft. -lbs. ; 2*58 lbs. 

9. A car laden with 20 passengers is drawn up an incline, one end of 
which is 160 ft. above the other ; the car, when empty, weighs 3 tons, and 
the average weight of each passenger is 140 lbs. Find the number of 
ft.-lbs. of work done in ascending the incline, neglecting friction. Ant. 
1,523,200 ft. -lbs., or 680 ft.-tons. 

10. It will be observed that draymen sometimes lower heavy casks into 
cellars by means of an inclined plane and a rope. One end of the rope is 
secured to the upper end of the inclined plane, and is then passed under 
and over the cask, the men holding back by means of the loose end. Now, 
supposing the incline to be at an angle of 45 degrees, explain the mechanical 
principles that are here applied, and find the advantage. Ant. 2^/2:1. 

1 1. A barrel weighing 5 cwt. is lowered into a cellar down a smooth slide 
inclined at an angle of 45 degrees with the vertical. It is lowered by means 
of two ropes passing under the barrel, one end of each rope being fixed, 
while two men pay out the other ends of the ropes. What pull in lbs. 
must each man exert in order that the barrel may be supported at any 
point t (S. and A. Exam. 1889.) Ant. 99 lbs. nearly. 
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LECTTXRE X. 

Contents. — Friction — Heat la Developed when Force overcomes Friction 
— Laws of Friction — Apparatus for Demonstrating First and Second 
Laws of Friction — Experiment I. — Example I. — Angle of Repose or 
Angle of Friction — Experiment II. — Diagram of Angles of Repose — 
Limiting Angle of Resistance — Experiment III. — Apparatus for 
Demonstration of the Third Law of Friction — Experiment IV. — 
Lubrication — Anti-Friction Wheels — Ball Bearings — Work done on 
Inclines, including Friction — Example II. — Questions. 

Friction. — Whenever a body is caused to slide over another 
body, an opposing resistance is at once experienced. This natural 
resistance is termed friction.* The true cause of friction is the 
roughness of the surfaces in contact. The smoother the sliding 
surfaces are made the less will be the friction. Friction cannot, 
however, be entirely eliminated by any known means, for even 
the most microscopical protuberances on the smoothest of sur- 
faces seem to fit into corresponding hollows on other equally 
smooth places, so that some force is required to make the one 
body slide over the other. 

Friction has its advantages as well as its disadvantages. For 
example, if it were not for friction we could not walk, neither 
could a locomotive start from a railway station, nor could it be 
brought to rest in the usual speedy manner. Friction is also 
essential to the utility of nails, screws, wedges, driving belts, <fcc. 
On the other hand, power is often expended in overcoming 
friction with the result of much wear and tear in machinery. 
For example, in the case of working the slide valves of locomotive 
engines as much as twenty horse-power is required in moving 
these essential parts when running at full speed, f 

It is the duty of the engineer to reduce friction to a minimum 
in the case of the bearings of engines, shafting, and machines 
generally, in order that a minimum of work may be expended in 
moving them. He has, however, also to devise means of pro- 
ducing a maximum of friction in the case of certain pulleys, grips, 
clutches, brakes, and such like appliances, where motion has to 
be transmitted by aid of friction, or bodies in motion (such as a 

* French writers call friction a passive resistance, because it is only 
apparent when one body tends to move or pass over another. 

f See the Author's "Elementary Manual on Steam and the Steam 
Engine/' page 182, for an arithmetical example. 
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moving train) have to be brought to rest quickly when nearing a 
station. 

Heat is Developed when Force overcomes Friction. — 
When a body is kept moving by a force, part (or in certain 
cases it may be the whole) of the mechanical force is expended in 
overcoming Motional resistance. This lost work is directly trans- 
formed into heat in the act of overcoming the frictional resistance 
through a distance. For example : — A person slips down a vertical 
rope by holding it between his hands and his legs. The force of 
gravity impels him downwards, overcoming the frictional resist- 
ance between his hands and limbs and the rope, with the conse- 
quence that they become severely heated, especially if he happens 
to slip down quickly. A boy takes a run, and then slides along a 
level piece of ice. The foot-pounds of work stored up in him just 
before he begins to slide are expended partly in overcoming the 
frictional resistance between the soles of his boots and the ice, 
and partly in the frictional resistance between his clothes and the 
air. As a consequence, he will find that by the time he gets to 
the end of the slide his soles are considerably warmed. If the ice 
were perfectly level, infinitely long, and if there were absolutely 
no friction between it and his boots, and if there were no fric- 
tional resistance between him and the air, then he would slide on 
for ever 1 If we could diminish the frictional resistance between 
the skin of a ship and the water, and between the exposed parts 
of the ship and the air, to nothing, then all that would be required 
to transport her across the Atlantic would be a strong force 
applied at the start until she attained the desired speed, when she 
would proceed forward, and arrive at her destination with undi- 
minished velocity ! In reality, however, we find it necessary to 
employ steam engines of 10,000 horse-power continuously in order 
to propel an Atlantic " greyhound " of 5000 tons at twenty knots 
an hour in the calmest of weather. About one-half of this power 
is absorbed in overcoming the frictional resistance of the ship 
through the water and air, and the other half in the frictional 
and other losses due to the working of the propelling machinery. 
Examples of the conversion of mechanical work into heat are 
so familiar to you all, being in fact brought prominently before 
your notice every day of your existence, that we need not further 
enlarge upon this question except to remind the student of 
Dr. Joule's discovery of the rate of exchange between heat and 
work. He found by experiment that if work is transformed into 
heat, every 772 ft.-lbs. of work will produce 1 heat unit, or that 
quantity of heat which would raise 1 lb. of water i° Fahr.* 

* For further examples and an explanation of Dr. Joule's experiments 
see the Author's Treatise on Steam and the Steam Engine. 
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Iiaws of Friction. — From 1 831 to 1834 General Morin carried 
out an extensive series of experiments at Metz on friction for 
plane surfaces, with different areas, pressures and velocities, from 
which he arrived at certain conclusions. These conclusions were 
for a long time regarded as constituting the fundamental laws of 
friction. They have been since proved to beonly true within the 
limits of his experiments, for, they do not hold good for great 
pressures and high velocities, neither are they true for fluid, 
rolling, or axle friction. For the latest and most reliable experi- 
ments we must refer to the Proc. of the Inst, of Mechanical 
Engineers, 1883, 1885, 1888, and 1891. 

1st Law. Friction is directly proportional to the pressure between 
two surfaces, if they remain in the same condition. 

2nd Law. Friction is independent of the areas in contact. 
3rd Law. Friction is independent of velocity. 

Apparatus for Demonstrating First and Second Laws of 
Friction. — Nevertheless, it will be both interesting and instruc- 
tive to students to have these three laws demonstrated by the 
following simple apparatus ;— 



r 




Apparatus for Demonstrating the First and Second Laws 

of Friction. 



Index to Parts. 



IP represents Inclined plane. 
GP .. Guide pulley. 

Quadrant. 



>» 



B represents Box for planes. 
PP „ Pinching pin. 

LL „ Legs. 



» 
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The inclined plane IF is fitted with a joint at its left-hand 
end, and after slackening the pinching pin PP, it may be raised 
to any desired angle or fixed in a level position by tightening the 
pin. The desired position is found by reading off the angle oppo- 
site the plumb-ball line on the graduated degree scale of the 
quadrant Q. In the box B may be kept planes of glass, brass, 
iron, steel, &c., as well as the different kinds of wood to be experi- 
mented upon. These planes are fixed on IP, in a central position, 
by means of a catch, and the bodies to be laid upon them should 
be fitted with a small hook opposite their e.g., to which a fine 
flexible silk cord can be attached and passed over the guide- 
pulley GP, which should turn very freely on its bearings.* The 
pull P is best effected by attaching to this cord a small tin pail 
into which shot may be dropped one by one until the body moves 
freely on the plane. The pail and shot may then be unhooked 
and weighed in a balance. 

Demonstrations of the First Law of Friction. — Experi- 
ment I, — Fix the inclined plane IP in a truly horizontal posi- 
tion. Take from the box B, 
say, a long strip of planed 
yellow pine and a small block 
of the same kind of wood, 
and let its weight be W. 
Adjust the strip along the 
middle line of IP by means 
Proof op First Law op Friction. of the sneck or catch, and 

place the block therein . At- 
tach the silk thread to the hook on the forward side of the block, 
and pass the same over the practically f rictionless pulley. Hang a 
little tin pail from the free end of the silk thread, and drop small 
shot one by one into the pail until the block moves freely over the 
yellow pine strip when aided by a little tapping on the table. 
Unhook the pail containing the shot, and weigh it as carefully as 
you weighed the block of yellow pine. Let it equal P units. 

Then P is the force which just overcomes the directly opposing 
passive resistance, called friction, between the surface of the yellow 

* The guide-pulley bracket should be fitted with a stiff joint and with a 
telescope arm, so that the pulley may be raised or lowered in order to 
bring the direction of the pull P on the cord parallel to the plane, or 
parallel to its base, or adjusted to any desired angle with respect to the 
plane, in order to demonstrate Gases i, 2 and 3 of the inclined plane in 
Lecture IX. By having, say, a J" slot along the middle of the plane, and 
by lowering the pulley, Case 2, wherein the pull on the body is parallel to 
the base, may be readily demonstrated; and by pulling out the telescope 
arm of the bracket, and turning up the bracket, Case 3, wherein the pull 
makes an angle, 0, with the plane, may be verified. 
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pine block and strip; and the ratio ^ is termed the co-efficient of 

friction. Now put another block of weight W on the top of the one 
just tested, so as to double the pressure on the sliding surface, and 
put in shot until the block moves when aided by a little vibration, 
so as to overcome the greater resistance to starting the body in 
motion than to keep it moving.* You find on weighing the pail 
and shot that it is now 2P. Consequently the co-efficient of 

2P P 

friction has not altered, for -^7 is the same fraction as ^9. 

' 2W W 

Example I. — Suppose you take a very small block of wood 

1" 
(say _ thick, 2 " long and 1" broad; in fact, so light that its 

weight is negligible), and place a i-lb. weight on the top of it ; you 
will find that 5.75 oz. are required to cause motion of this piece 
of wood over the surface of the yellow pine strip. You therefore 
conclude that the co-ejjicient of friction is 

P 5*75 oz. 

W** 16 oz. = '353> or friction =.353 W. 

Now, place a 2-lb. weight on the upper piece of wood, and you 
find that it requires more shot in the pail to move it. Weigh the 
pail and the shot again just after you have obtained free move- 
ment of the one body over the other, and you will find that it 
amounts to 11. 5 oz. 

Consequently, ^ ~ — — = -353 as before. 

w 32 

If, however, you put a 10-lb. weight on the upper piece of 
wood, you will obtain a different result, thus proving the first law 
and the variation therefrom; because in this latter case the 
pressure is so great, compared with the first and second experi- 
ments, that the grains of the upper piece of wood enter those of 
the lower, and bring into play another condition of affairs — viz., 
the gripping action of the one set of grains on the other set. If 
you had taken a large plank of yellow pine, weighing, say, 100 lbs., 
and had placed it on another similar plank, the co-efficient of 
friction would have a certain value. If you had even put a 100-lb. 
weight on the upper plank, the co-efficient of friction might not 
have varied perceptibly. But if you placed a weight of 1000 lbs. 

* Statical friction, or the friction of repose, is that resistance which 
opposes the commencing of the motion. If a body be allowed to rest on 
another for some time, it requires more force to move it than if it had only 
been stationary for a few seconds. 
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on the upper plank, the coefficient of friction would be con- 
siderably altered. Hence you observe that this first law only 
holds good between narrow limits.* 

Angle of Kepose, or Angle of Friction. — Experiment II. — 
Another way of proving the first law of friction is to disconnect 
the silk thread and the shot-pail from the upper body, and tilt up 
the inclined plane to such an angle, a, with the horizontal that 
(with the aid of a little tapping) the weighted block of yellow 
pine just slides slowly down the incline. Here we have simply 
the force of gravity acting on the body and overcoming friction. 
At the moment the body just begins to slide we have the weight, W, 
of the body acting vertically downwards, R the reaction from the 
plane at right angles to the surface, and F, the passive resistance 
of friction, acting parallel to the plane in the direction of dP 
in the first figure in this Lecture. Now, these three forces act 
from the e.g. of the body, and they are in equilibrium. R is equal 
to the resolved part of W at right angles to the plane (or R = 
W Cos a), and it represents the pressure between the surfaces. 
P is the resolved part of W, parallel to the plane (or F = W Sin a). 

, F 
and =r is the co-efficient of friction. 

. F _ W Sin a __ T _ h _ height of plane 

* * R W Cos a b base of plane 

The angle a, to which the plane must be inclined before the 
free body will slip over the fixed one, has been termed the " angle 
of repose" or " angle of friction." 

Therefore, the tangent of the angle of repose is equal to the co- 
efficient of friction. 

p 

But — was proved by the previous .experiment to be also equal 

to the co-efficient of friction, 

»•• — ss — as — = Tan a =5 u 

Or, P - /iW and F = M R 

* Sir Robert Stawell Ball, when Professor of Mechanism at the Royal 
College of Science, Ireland, tried a careful experiment in the above way 
with a smooth horizontal surface of pine 72" x 1 1", and a slide, also of pine, 
9*X9" grain crosswise. He loaded and started the slide, and applied a 
force sufficient to maintain it in uniform motion, and he found that on 
increasing the load from 14 to 112 lbs., by increments of 14 lbs., the co- 
efficient of friction diminished from '336 to '262. From these experiments 
he constructed the empirical formula for this case that F=*9 + *266R, 
where F is the frictional resistance and R the reaction from the surface or 
net load* 
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where /x is the Greek letter universally adopted to represent co- 
efficients of friction. 

The accompanying figure is a diagram of the " angl-es of repose " 
for various common materials, together with the numerical 
values of /*, or their co-efficients of friction. 
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Diagram of Angles of Repose. 

. Limiting Angle of Resistance, or Sliding Angle. — A 

third way of proving the first law of friction is to place the bodies 
so that the sliding surface is perfectly level. Then begin by 
pressing the upper body through the intervention of a compres-* 
sion spring-balance fitted with a sharp point, so that it will not 
slip off, and with a clinometer to indicate the angle through which 
it is tilted away from the perpendicular. Now gradually incline 
your pressure to the perpendicular, until you arrive at such an 
angle as will just cause the upper body to slide over the under 
one. This angle is termed the "sliding angle" or " limiting angle 
0/ resistance" because it is the limit, or maximum angle which 
the reaction from the surface can make with the perpendicular to 
the surfaces, for the reaction must act in the directly opposite 
direction to the pressing force.* Again, apply the spring-balance, 
but with double the registered pressure, and you can just incline 
this force to the same angle as before. If, however, you press 
with ten times the former force, you would probably be able to 
act at a greater angle than before. It will be seen from this 
experiment that 

The Limiting Angle of Resistance = The Angle of Repose. 

* Here the weight of the upper body is supposed to be negligible in 
comparison with the inclined pressure upon it. 
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Demonstration of the Second Law of Friction. — Ex- 
periment III. — Take a block of planed yellow pine, and cut it into 
two equal pieces at right angles to the planed surface. Place one 
piece on the horizontal strip of yellow pine (used in previously 
demonstrating the first law), with the planed side next to it, 

and put the other piece on 
the top of it, as shown by 
the second figure in this 
lecture. Now ascertain the 
horizontal pull, P, required 
to overcome friction. Then 
attach the top piece to the 
bottom one, as shown by the 
accompanying figure, so that 
the area of the surface in contact is doubled, and you will find 
that the same horizontal force, P, will cause it to move. If 
you take a long planed block and cut it into ten equal pieces, 
each of the same size as one of the above pieces, and try the 
experiment in a similar manner, you will be able to increase 
the area of contact tenfold, and you will then find that the 

P 

ratio ™ is not exactly the same with the surface of one block 

in contact with the strip, as when the surface of the whole ten 
came into action at once. The result of increasing the area in 
contact may also be tried by placing the blocks on the inclined 
plane, and observing the angle to which the plane is tilted when 
they begin to slide down the plane. 
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Apparatus for Demonstrating the First and 
Third Laws of Friction. 
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Demonstration of the Third Law of Friction. — The pre- 
ceding figure represents the apparatus belonging to the Applied 
Mechanics Department of the Royal College of Science, South 
Kensington (as described by Prof. Goodeve in his " Manual of 
Applied Mechanics "), for demonstrating the first and third laws 
of friction. 

If the weights, W, be removed from the scale-pan SP, then 
there will be but a slight pressure between the lower surface of 
the test-piece TP, and the roller cylinder C. Consequently, on 
turning the handle H in the direction of the arrow, there will be 
a slight pull on the cord, causing the pointer P to move a degree 
or two over the graduated scale GS. The pointer should there- 
fore be set back to zero. 

Experiment IY. — Put a weight, W, of say 5 lbs., into the 
scale-pan, and turn the cylinder slowly by the handle as before. 
The pointer deflects so many degrees. Increase the weight W 
to 10 lbs., and the pointer instantly indicates twice the amount 
of friction ; put in 15 lbs., and it shows treble the friction ; thus 
demonstrating the first law. Then turn the handle faster and 
faster, and the pointer remains fairly stationary, thus proving 
within certain limits that friction is independent of the velocity.* 

Lubrication. — Lubricants, such as tallow, grease, soft soap, 
and many kinds of oils, are used to reduce friction. Both skill 
and knowledge are required to decide upon the best kind of lubri- 
cant and the proper amount for different cases. Lubrication and 
lubricants should receive greater attention from the engineer, for 
the satisfactory working and length of life of most machines de- 
pend so largely upon effective lubrication. Where very heavy 
pressures and high speeds are experienced as in some cases of 
electrical machinery, it pays to use the very best kind of oil, and 
to distribute it to all the bearings from one common centre under 
pressure by means of a force-pump. It thereby flows in a con- 
tinuous stream through the bearings to a filtering tank, from 
which it is again and again pumped on its soothing mission for 
months on end, without change or great loss in quantity. This is 
a very different state of matters from the " travelling oil-can " 
system, where the amount applied may vary, and the times of appli- 
cation may be erratic, according to the opinion of the attendant. 

Anti-Friction Wheels. — In the case of delicate machinery, 
such as in Atwood's machine for ascertaining by experiment the 
acceleration of gravity, and in Lord Kelvin's mouse-mill for 
driving the paper rollers of his Syphon Recorder, when receiving 

* See Molesworth's Pocketbookof Engineering Formulae, and the Trans- 
actions of the Institution of Mechanical Engineers, for results of friction 
experiments with shafts ran at different speeds. 
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telegraphic signals from long submarine cables, anti-friction 
wheels are used for the purpose of reducing the friction M> a 
minimum. The accompanying figures illustrate one pair of 
anti-friction wheels. The spindle S, which carries the driving- 
wheel, instead of resting on two ordinary 
bearings, is supported by two wheels at 
each end, so that a rolling contact is pro- 
duced between it and the wheels. This 
form of contact implies far less friction to 
begin with, than a sliding or scraping con- 
tact. Besides, the small amount of force 
required to overcome the friction between 
the spindle and the rims of these wheels, 
has a great advantage or leverage given 
to it, in as far as, it acts with an arm 
equal to the radius of the wheels FW X and 
¥W r This enables it to turn them with 
great ease at a slow rate in the very small 
bearings B x and B r 
In merely overcoming friction at a bearing, there is a con- 
siderable advantage in using large pulleys ; for, the force necessary 
at the periphery of the pulley to overcome the friction at the bear- 
ing, is inversely proportional to the radius or diameter of the 
pulley. (See Lecture XI. fig. i). 

Ball Bearings.— Another example of the effect of rolling 
contact reducing friction is found in the use of ball bearings, 
which are now so common in all kinds of cycles and in high-class 
foot-driven lathes.* 

When it is necessary to move heavy beams, guns, <fcc., a common 
practice is to place them on rollers or on two channel iron 
girders § with round cannom-shot between them, when a com- 
paratively small force, properly applied, will have the desired 
effect. 

We will have to return to this subject in the Advanced Course 
when dealing with the friction between shafts and their bearings, 
and the various means that have been adopted for minimising 
the same. In the meantime, we will complete this Lecture with 
an example of work done on an incline when friction is included. 
Work done on Inclines, including Friction. — The method 
of calculating the work expended in moving a body along a smooth 
inclined plane was fully dealt with in Lecture IX. ; consequently, 
the student is prepared, after what has been said about friction in 



* Refer to Lecture XVI., p. 183. 
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this Lecture, to consider the case of pulling a body up or down 
a plane when the co-efficient of friction between the body and the 
plane is known. ** 

The total work expended is evidently divisible into two distinct 
portions— 

(i) The work done with or against tlie action. of gravity, accord- 
ing as the body is moved down or up the inclined plane = W x h 
(where h is the height of the plane). 

(2) The work done against friction = F x I (where I is the length 
of plane passed over). 

The work to be done against friction is the same whether the 
body is urged up or down the incline; for it is equal to the 
co-efficient of friction x the reaction of the plane x the distance 
through which it is moved. 
Or, Fx/=,ixEx/ 

But by Lecture IX. RxZ = Wx6; .\ F x l = fx x W x b 
Or, the work done against friction in moving a body along the 
inclined distance I, is equal to the work done in moving the same 
body along a horizontal distance 5, equal to the base of the incline. 

If the work to be done in overcoming friction, is equal to the 
work capable of being done on the body by gravity, the body will 
be in equilibrium, and the inclination of the plane is equal to the 
angle of repose. 

If the work to be done in overcoming friction is less than the 
work which gravity can do on the body, the body will slide down 
the incline, or, in technical language, the machine will overhaul. 

Example II. — What is the co-efficient of friction, and how is it 
ascertained ? There is an inclined plane of i foot vertical to 
io feet horizontal; what work is done in moving 700 lbs. 5 feet 
along the plane, the co-efficient of friction being *o8 ? s (S. and A. 
Exam. 1892.) 




Figure fob Example II. 

Answer. — The co-efficient of friction for two bodies in contact 
is the passive resistance (opposing the motion of the one over the 
other) divided by the reaction or normal vressure between the surfaces 
in contact — . 

i.e. , Co-efficient of friction == ^ — —. — = ^ = fi \ 

For methods of ascertaining coefficients of friction, see the text in this 
Lecture. ~ ^ 
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Total work done = work done against gravity + work done against friction* 

Referring to the accompanying figure, we see that— 
(i) Work done against gravity = Wx DE 
(2) Work done against friction = F x AD 

•. Total work done - WxDE + FxAD 



• • 



We have therefore only to substitute the numerical values corre- 
sponding to these letters in order to arrive at the result. From the ques- 
tion W=» 700 lbs. From the figure we see that DE is parallel to BO ; con- 
sequently by Euclid the A", ADE, and ABC are similar in every respect ; 
and therefore 

DE : BC : : AD : AB; or, DEa 80 ^ 

But, also by Euclid, AB = v/ACP+BC 3 = (V /io 2 +i 2 = 10*05 ft « (nearly) 

n i.i tm* BO x AD 1x5 ^ -. 

Consequently, DE= — -^ — ™ — 7^- =*497 «■ 

And, F = pB. 

From the question we are told that /x = -08, and we learn from Lecture 12? * 
that 

R : W : : AC : AB ; or, R=^^=Z2?JLI2 = 696-5 lbs. 

AJD IO US 

.\ F=/iR=*o8x 696-5 = 5572 lbs. 

Hence Total Work' = W x DE + FxAD 

,, „ „ - 700 x -497' + 55-72x5' 

„ n „ = 347*9 ft.-lbs. + 278-6 ft.-lbs, 

„ „ „ = 626-5 ft. -lbs. 

Note.— For the work done against friction quite a simple way would have been to hare 
taken the formula deduced on' the previous page — 

via.: FxZ=/uixWx6=fixWxAE*.o8X7ooX4-97=278 , 6ft.-lbi. 

Approximate Answer.— Since the inclination of the plane is so 
very small in this case, we might have assumed that 

R = W; AB = AO, andDE = JBC 

Then, 

(1) Work done against gravity =WxDE = 7ooxJ' =350 ft.-lbs. 

(2) Work done against friction = F x AD=.-o8 x 700 x 5=280 il.-lbs. 

.\ Total work-WxDE + FxAD=350 + 28o=630 ft.-lbs. 

i 
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Leotubb X.— Questions. 

i. What is friction, and how does it act ? What is developed when force 
overcomes friction ? How do you measure the result ? 

2. Explain by sketches and concise description how the laws of friction 
may be tested experimentally. What is meant by the " co-efficient of fric- 
tion," "angle of repose," "angle of. friction," and " sliding angle " or 
" limiting angle of resistance " ? 

3. How is the co-efficient of friction between two surfaces ascertained 
approximately by experiment? When two rough surfaces are pressed 
together, how much may the line of pressure be inclined to the common 
perpendicular to the surfaces in contact before motion ensues ? (S. and A. 
Exam. 1889.) 

4. What is the co-efficient of friction when the angle of repose is — 
(d)V 42' J (&) 1 1° I* J W 16° 42' ; («*) 21 48' ; (e) 26 36' : (/) 30 ; (g) 4 5° T 
Draw the angles to scale. Arts, [a) -i ; (0) *2 ; (c)*3; (d) *4 ; (e)*S; 

(/)'5774: (g)i. 

5. An inclined plane is 100 feet long and 20 feet high. A body weighing 
100 lbs. is pulled up from the bottom to the top, and then down again. If 
the co-efficient of friction between the body and the plane is • 5, what 
work was expended in each case ? What would require to be the co- 
efficient of friction in order that the body might just slide down of its 

own accord? Ans. 6,900 ft.-lbs. ; 2,900 ft. -lbs. ; /*= _-= — ='204. 

12 

6. What is the co-efficient of friction, and how is it ascertained ? There 
is an inclined plane of 1 foot vertical to 5 feet horizontal ; what work is 
done in moving 100 lbs. through 100 feet along the plane, the co-efficient 
of friction being *i ? Ans. 2,9417 ft. -lbs. 

7. An incline is 80 feet long, with a rise of 20 feet. A body weighing 
100 lbs. is drawn 40 feet along the incline ; what work is expended if the 
co-efficient of friction is *6 ? Ans. 3,320 8 ft.-lbs. 

8. A weight of 5 cwts. resting on a horizontal plane requires a horizontal 
force of 100 lbs. to move it against friction. What is the co-efficient of 
friction? Ans. *i8. 

9. A plank of oak lies on a floor with a rope attached to it. When the 
rope is pulled horizontally with a force of 70 lbs. it just moves, but when 
pulled at an angle of 30 to the floor a force of 60 lbs. moves it. What is 
the weight of the plank and the co-efficient of friction between it and the 
floor? Ans. 11 6- 6 lbs. ; *6. 

1 a Suppose a locomotive weighs 30 tons, and that the share of this 
weight borne by the driving wheel is 10 tons. Then, if the co-efficient of 
friction between the wheels and the rails be *2, what load will the engine 
draw on the level if the required co-efficient of traction be 10 lbs. per ton 
of train load ? What load will this engine draw at the same rate up an 
incline of 1 in 20? Ans. 448 tons (including engine); 36-72 tons (in- 
cluding engine). 

11. State the laws of friction, and explain the contrivance known as 
friction wheels. What is the advantage of ball bearings for bicycles? 
Sketch in section such a bearing. (S. and A. Exam. 1891.) 

12. What are lubricants, and for what purposes are they used in machin- 
ery ? What kind of lubricant would you use for the moving parts of a 
very high-speed engine and direct-driven dynamo, and how would you 
apply it so as to be able to use it over and over again ? 
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13. What is friction? What is meant by limiting friction, by sliding 
friction, and by the co-efficient of friction 7 A weight of 5 cwts. resting 
on a horizontal plane, requires a horizontal force of 10S lbs. to move it 
against friction. What in that case is the value of the co-efficient of 
friction? (S. and A. Exam. 1896.) 

14. How would you experimentally determine the nature of the friction 
between clean, smooth surfaces, say of oak, and what sort of law would 
you expect to find ? (S. and A. Exam. 1897.) 
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LECTURE XI. 

Contents. — Difference of Tension in the Leading and Following Parts of 
a Driving Belt — Brake Horse-Power transmitted by Belts— Examples 
I. II. — Velocity Ratios in Belt Gearing — Examples III. IV. — Open and 
Grossed Belts — Fast and Loose Pulleys — Belt Gearing Reversing 
Motions — Stepped Speed Cones with Starting and Stopping Gear — 
Driving and Following Pulleys in Different Planes — Shape of Pulley 
Face — Questions. 

We shall devote this Lecture to the transmission of power by 
belting and to belt-gearing. 

Difference of Tension in the Leading and Following 
Farts of a Driving-Beit. — In Lecture VI., when discussing the 
case of the simple pulley, we assumed that the belt or rope passing 
over the pulley was perfectly flexible, and that there was no fric- 
tion at the axle of the pulley. Conse- 
quently, we found that equal weights 
would balance each other, or that the 
tension of the two sides of the belt 
were equal. A little consideration of 
the subject will show that when one 
pulley is driven from another one by 
an endless belt or rope, the tension on 
the driving side must be greater than 
that on the following side. 

i. Take the case of an ordinary 
vertical pulley with its axle or shaft 
resting in two bearings (one on each 
side of the pulley), with a belt or rope 
passed over it, and with weights at- 
tached to the free ends of the same. 
Here we must have a certain amount 
of friction between the axle and its 
bearings, which can only be overcome 
by a force applied to the circumference 
of the pulley. 

T of V — i Force required to overcome friction at the circum- 

ljeu . r j - | f erence of the axle or shaft. 




Difference of Tension 
due to Friction. 
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Let . . r x = Radius of the axle. 

-p _ (Force required to overcome the friction of the axle 
a ~~ \ when acting at the circumference of the pulley. 

Radius of the pulley to centre of belt. 

F, x r r 

Weight attached to the left-hand side of the belt, 
and which therefore produces a tension on the 
slack side=T t . 

Least weight on the right-hand side of the belt 
that will produce motion, and which therefore 
produces a tension on the driving sidesT*. 

Then taking moments about the centre of the axle, we have — 

W, x r, + F, x r, = W, x r, 

Or, . . T.xr^FjXr^T^xr, 

Dividing both sides of the equation by r 2 we get 

T, + F, = T d 
.-. F, = T d -T, 

Or, expressed in words, the force F„ acting at the circumference 
of the pulley (which is required to overcome the friction of the 
axle) is equal to the tension T d on the driving or forward side of 
the pulley, minus the tension T, on the slack or following side. 

In order that the periphery of the pulley may move at the same 
rate as the under face of the belt, we must have sufficient tension 
on each part of the latter, and the co-efficient of friction between 
them must not have less than a certain value. Too great adhe- 
sion between them would result in a loss of work, for in that case 
an extra force would have to be applied solely for the purpose of 
pulling the belt from the pulley. 

2. Take the case of one vertical pulley of diameter D, driving 
another vertical pulley of diameter d by means of an endless belt, 
rope, or chain in the direction of 
the arrows shown on the accom- 
panying figure. Whenever the 
pulley D is moved, the tension on 
the driving side T d tends to 
stretch the belt on that side, and 
this tension increases until the 
pulley d begins to move ; whereas 
the tension on the following or 
slack side, T„ is gradually diminished until the difference of the 
tensions (T d - T t ) produces a uniform velocity of the belt. Of 
course the tension on the slack side must be sufficient to pre- 
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vent the slipping of the belt on either of the pulleys if the 
periphery of the driven pulley is to keep pace with the peri- 
phery of the driving one. In order that there may be a mini- 
mum chance of the belt slipping, its dock side should always 
run from tJie tap side of the driving pulley. By so arranging the 
drive, the sag of the belt on the slack side will cause it to encom- 
pass a greater length of the circumferences of both pulleys. The 
motion of the belt will be easier, and the wear and tear of the 
bearings will be less, because there will be less total stress 
(T d + T,) tending to draw the pulleys together for the transmis- 
sion of a certain horse-power, than if the slack side left the under 
side of the driving-pulley. Referring to the previous figure, if the 
slack side leaves the top side of the pulley D, it grips the same 
from position 4, round the back of the pulley to 5, and the pulley 
d from 6 round to 3 ; whereas, if D were rotated in the opposite 
direction, we should have the slack side entering on it at 1, and 
only gripping it as far as position 8 ; entering on d at 7, and only 
gripping it to position 2, thus having far less grip on the pulleys 
and thereby encouraging the natural tendency of the belt to slip 
on the pulleys.* 
Brake Horse-power transmitted by Belts. 

Let. • V = Velocity of belt in feet per minute. 
„ • . P = (T d - T,) the net pull causing motion in lbs. 

Then, B.H.P. « -ZJ— - Y ( T * " T<) 

33>°°° 33>°oo- 

Let . . D ■= Diameter of driving pulley in feet = 2r. 

Then . irD = Circumference of driving pulley in feet = 2wr. 

Let • n = Number of revolutions of pulley per minute. 

Then • V «= nDn ** 2nrn « velocity of belt (with no slip). 

And, the . . B.H.P.^ frDnP - 2ffrnP 

33,000 33,000 

Example I. — A pulley 6' in diameter is driven at 100 revolu- 
tions per minute and transmits motion to another pulley by means 
of a belt without slip. If the tension on the driving side of the 
belt is 120 lbs. and on the slack side 20 lbs., what is the brake 
horse-power being transmitted ? 

* The previous figure should have been drawn with the full and dotted 
lines at T„ reversed, but the student will easily follow the explanation. 



BRAKE HOfiSE-POWEK TRANSMITTED BY BELTS. H9 

Answer.— Here r = 3'; n - 100; P = (T d -T,) = (i20- 20)= ioolbs. 

-,B.H.P. = g^g = 2xV 2>< 3Xiooxioo, = 6 . 71 
33,000 33>°°° 

Example II. — What must be the number of revolutions per 
minute of a driving pulley 6' in diameter, in order that it may 
transmit 571 B.H.P. by a belt to another pulley, if the net pull 
on the belt is 100 lbs. ? 

Answer. — Here we have the same data to go upon as in 
Example I., except that we are given the B.H.P. instead of the 
revolutions per minute. Then, transposing every quantity 
except n (the revolutions per minute) to one side of the above 
equation, we have 

n = (B.H.P.) x 33,000 = 5-71x33,000 = 1Q0 revolt™, 

27TTP 2 x y x 3 X 100 

In precisely the same way, if you were given the power to, be trans- 
mitted, the revolutions per minute, the difference of tension on the two 
sides of the belt, and you were asked for the diameter of the pulley, the 
formula would appear thus — 

p _. (B.H.P.) x 33,000 
"~ *rwP 

If it was the difference of tension in the belt that was asked for, then— 

/rn, rpx_ P _ (B.H.P.)x 33,000 

You would (after arranging the formula in this way, so as to keep the 
unknown quantity on one side of the equation) simply have to substitute 
the numerical values corresponding to the different symbols, and then 
cancel out the figures in numerator and denominator, in order to reduce 
the long multiplication and division to a minimum, and thereby arrive at 
the result as quickly as possible. 

Velocity Ratios in Belt Gearing. — Let two or more pulleys 
be connected by belting in the manner shown by the accompany- 
ing figure. Then, if there is no slipping of the belts, the circum- 
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Velocity Ratios in Belt Gearing. 

f erential speeds of the pulleys will be the same as the velocity of 
the belts passing round them. 
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Let D t , D f tm Diameters of the drivers. 

„ F t , F, = Diameters of the followers. 

„ N D , N D = Number of revolutions per minute of the drivers, 

„ N F , N, = Number of revolutions per minute of followers. 

Then, taking the first pair of pulleys, D, and F, we have — 
Circumferential speed of 'driven — Circumferential speed of folhweri. 

i.e itD^^ttFjN^ 

(Divide both sides by *■) 

DN =FN • N «Z£»i 



Or, The product of the diameter of 
the driver and its number of 
revolutions per minute. 



) 



The product of Hie dia- 
meter of the follower 
and its number of re- 
volutions per minute. 

Or B = N '. m 

J l -"Pi 
i.e., TJic ratio of the diameters of the pulleys is in the inverse 
ratio of their speeds or revolutions per minute. 

Treating the motion of the second set of pulleys in exactly the 
snme way, we have — 
Circumferential speed, of D, = circumferential speed, of F f 

.•.itD^^ttFjN,, 

'Divide both sides by ir) 

D.N^F.N,, 

Or,, • • • T^^Tsf^* • • • . (2) 

(But the revolutions of F, and of D t are the same) .*• N P1 = N D 

Or f . . . D f N Fl - F 2 N Pf .-. N Ff - ?L*L F * 

F,N P 

N ~~rT~ 

Consequently . . =— ?t = _^l_ 

, - F ; 

(Dividing both numerator) Np = J>,__ _ F t x F, 
and denominator by N» )J jq- i jj DxD 

P » ft l ' 

Or, we might have arrived at the same result by multiplying equations 
(1) and (2) together. Thus— 

D.^Np, Np . Ny , NB / Di^ \ 
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Or, Speed of first driver Product of diameters of followers 

Speed of last follower Product of diameters of drivers 

Or, . N Pi x D t x D f - N Ff x Fj x F t 

t.«., Speed of first driver x diaA [Speed of last follower x diame- 
meters of ike drivers J ( ters of the followers. 

In the same way we may treat any number of drivers and 
followers by this general formula — viz., 

Speed or number of revolutions] 



Speed of the last follower x the 
successive diameters of the 



per minute of the first driver I 
x the successive diameters on ~ 1 w*****™** 
the driven ) [ f*™™' 

Precisely the same rule holds good for discs driven by contact 
friction and for wheel gearing, as you will find from the next 
lecture ; but in friction gearing and wheel gearing the driver and 
the follower move in different directions, whereas in belt gearing 
they move in the same or in the opposite direction, according as 
the driving belts are " open " or " crossed." 

Example III. — Referring to the previous figure, suppose that a 
anving pulley, D„ is connected by a belt to a follower, F lf 
whilst it moves at ioo revolutions per minute. If the diameter 
of the driver is 6' and of the follower 3', what will be the number 
of revolutions per minute of the follower ? 

By the previous formula for two pulleys, 

D t x N Di - F, x N F 

. xr D. x N D 6' x 100 „- , .. 
••• N p B * — -1  - — 200 revolutions 

Example IV. — Referring to the previous figure, suppose that 
a driving pulley T> t (4' diameter), is geared to a follower, F 
(2' in diameter), and that a second driver D, (4' diameter), fixed 
to the same shaft as F lf is geared to a second follower F f (1' dia- 
meter). If Dj makes 60 revolutions per minute, what is the speed 
ofF,? 

By the previous formula for four pulleys, 

N Dl x D t x D, = N Ff x F t x F f 

. N w « N Dl x D, x D a 

• • "*»' F __ _ _ r 

' F l X F l 

Np = 0x4x4. = 48 q revolutions. 



p « 2' x 1' 



Open and Crossed Belts. — By referring to the next figure, 
the student will observe that the left-hand end view shows what 
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is termed an open belt, OB, and that the right hand end view 
shows a crossed belt, CB. In the case of open belts, the driver 
and the follower rotate in the same direction (astaaay be seen from 
the second and third figures in this Lecture) ; whereas, with 
crossed belt driving, the follower revolves in the opposite direction 
to that of the driver, just as it does when direct friction or wheel- 
gearing is used. 

Fast and Loose Pulleys. — As will be seen from the two front 
views in the next set of illustrations, the open and the crossed 
belts are shown passing from the broad driving-pulleys DP, to 
the broad loose pulleys LP. Loose pulleys are generally bushed 
with gun-metal, and then bored out so as to fit their shafts easily. 
This permits them to rotate without turning the shaft upon which 
they bear. The pulleys, FP, are keyed hard on to the shafts, so 
that when the belt is forced over upon them by means of the 
shifting forks, SF, the machines connected with the same are set 
agoing. This simple combination of fast and loose pulleys there- 
fore enables a machine to be stopped or started at pleasure, without 
interfering with the motion of the driving pulley and the belt. 
In ordinary cases where there is only one driving belt required, 
the loose pulley is of the same breadth as the fixed pulley.* 

Belt-Gearing Reversing Motions. — In many kinds of 
machine tools it is desirable to be able to drive the tool first in 
one direction and then in the opposite direction, as well as to 
start or stop it. This is frequently effected by a combination of 
open and crossed belts with fast and loose pulleys, as illustrated 
by the accompanying figure. 

From what has just been said about open and crossed belts, as 
well as fast and loose pulleys, the student will have no difficulty 
in understanding this arrangement of reversing gear. If applied 
to a machine for planing metals, the shaft which is keyed to the 
fixed pulley FP would be connected either through wheel gearing 
and a rack, or through a central screw, to the travelling table of 
machine upon which the job to be acted upon is secured. When- 
ever the table had been moved backwards to the end of the 
required stroke by the crossed belt, the shifting fork SF would 
be pushed forward by an outstanding arm or kicker attached to 

* See the set of figures after the next, where B. is the driving belt, 
engaging the fixed pulley, FP ; and where LP is the loose pulley, to which 
the belt may be shifted by means of the shifting-fork, SF, whenever it is 
desirable to stop the speed cones, SO,, SC„ and the machine to which they 
are connected. In the first front view of the next set of figures both of the 
loose pulleys, LP, are drawn too narrow. They should have been repre- 
sented half as wide again, in order to prevent the belts slipping over the 
outside edge, when the other belt is shifted on to the fixed pulley situated 
between them. 
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the side of the table at such a position as would cause the crossed 
belt OB to be shifted from the central fixed pulley to its loose one, 
and at the same time bring over the open belt from its loose pulley 
to the central fixed one. Whenever the planing tool had finished 
its cut on the metal, the shifting fork would be pulled backward 
by another similar outstanding arm or kicker (also attached to 
the travelling table of the planing machine, at a position just 
beyond the end of the required stroke for the particular job under 
operation), thereby shifting the open belt OB from FP, to its loose 
pulley, LP, and at the same time pulling over the crossed belt, CB, 



dp 



Dg 



UP 




End View. J* FP W LP End View. 
Front View. ^— — 

Forward and Return at same Speed. 



Front View. 

Quick Return. 



DP represents Driving pulleys. 
FP „ Fixed pulleys. 
LP „ Loose pulleys. 



Belt Gearing^Reversing Motions. 

Index to Parts. 

OB represents Open belts. 
CB „ Crossed belts. 

SF „ Shifting forks. 



from its loose pulley to the central fixed pulley, thus causing the 
table to make the return stroke. 

The left-hand front view, with its accompanying end views, show 
the necessary arrangements when the forward and backward 
velocities of the table are equal. The right-hand front view illus- 
trates the case wherein the backward or non-planing motion is 
intentionally made quicker than the forward or cutting stroke, so 
as to save time, by having the back motion fixed pulley, FP, and its 
corresponding loose one, LP, made smaller than the forward set. 
The end views for this latter case would be similar to the former 
one, with the exception that the crossed belt would engage a smaller 



124 



LECTURE XI, 



pulley of the same size as shown by the front view. This latter 
arrangement can evidently be employed to obtain a fast or a slow 
motion in the same direction, by simply having both belts open or 
both crossed. 

Stepped Speed Cones with Starting and Stopping Gear. 
— In many machines, such as lathes, planers and other machine 
tools, it is very desirable not only to be able to start and stop 
them, but also to alter their speed so as to suit different classes of 





End View. Side View. 

Stepped Speed Cones with Starting and Stopping Gear. 

Index to Parts. 



HB r HB 2 represent Hangingbrackets 

for supporting 



S0.,SC 2 
FP 
LP 



t» 
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»» 



shaft, &c. 
Speed, cones. 
Fast pulley. 
Loose pulley. 



B„B, represent Belts. 



H 
SB 
SF 

W 



»» 



»> 



>» 



»» 



Handle. 
Sliding bar. 
Shifting fork. 
Weight to fix SB in 
positions «_ —>. 



work, without affecting the motion of the prime motor or that of 
the shop driving-shaft. These objects are generally attained by a 
combination of fast and loose pulleys with what are termed 
" stepped speed cones." The accompanying side and end views 
illustrate the arrangement as usually carried out in engineering 
works. When the starting-handle, H, is turned to the right 
hand, it pulls over the sliding-bar, SB, with its shifting-fork, SF, 
which moves the belt, B v from the loose pulley, LP, to the fixed 
one, FP ; thus setting the speed cones, SG r SC„ and thereby the 
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machine in motion. When the handle is turned to the left, it 
pushes the sliding-bar and shifting-fork also in that direction, 
thus moving the belt from the fixed to the loose pulley, which 
allow the cones and machine to come to rest. In each case the 
weight, W, causes a notch in the sliding-bar to engage with its 
left-hand supporting bracket, thereby preventing the shifting fork 
from pushing the driving belt too far, or off either pulley, and at 
the same time ensuring that it remains in the desired position. 
Both supporting brackets for the sliding-bar, SB, are merely 
right-angle extensions from the hanging brackets, HB P IIB„ 
which carry the upper shaft with its cone and pulleys. 

The upper and lower speed cones, BG V SC„ are generally made 
of the same size and shape, but they are always keyed to their 
respective shafts in opposite directions. Consequently, if it 
should be desirable to run the machine fast for light work, the 
belt, B„ is shifted on to the largest pulley of the upper cone and 
the smallest one of the lower cone. If the machine is required 
to move slowly for heavy cuts, then the belt is placed on the 
smallest upper pulley and the largest lower one. Any desired 
intermediate speed between these extremes is obtained by adjusting 
the belt on one or other of the remaining sets of pulleys of the 
upper and lower cones. 

The student can easily prove to himself (by drawing down the 
arrangement to scale) that such stepped speed cones, if connected 
by a crossed belt on one pair of its pulleys, will produce the same 
tension in the belt with any other pair.* With open belt-driving 
the tightness of the belt will not be the same when on one pair of 
the pulleys as when on another ; but the difference is so small 
that it can generally be disregarded in practice without having 
recourse to tightening or slackening the same. 

Driving and Following Pulleys in Different Planes. — It 
is often necessary to drive a follower placed in a different plane 
from the driver. The accompanying set of illustrations show 
very clearly how this is effected. The important precaution to be 
observed is, that the leading or on-going part of the belt must 
enter upon the follower in a fair or direct line with its plane of 
rotation. If this rule be attended to, then power may be trans- 
mitted between two non-parallel shafts, as shown by the first 
figure, even if their centre lines are in planes at right angles to 
each other — i.e., when the belt is working with quarter-twist. 
When two shafts are in planes at right angles to each other, and 

* The algebraical proof of this will be considered in our "Advanced 
Book on Applied Mechanics." The student should refer to the general 
view and to the detail drawings of the stepped speed cones in the foot- 
driven screw-cutting lathe illustrated in Lecture XVI. 




Tollis's Thick-aided Leather 
Chain Belt, Working Quarter- 
twist, and Transmitting Power 
between two shafts which are 
not parallel. No Guide Pul- 
leys are required for this drive. 



Flat Belt Working Quarter-tv 
Transmitting Power between two right' 
angled shafts, with leading Guide Puller 
(GP) to remove the twist from the Belt 
before it enters upon the Follower, and to 
give the belt more grip on the pulleys. 




Flat Belt Transmitting Power 
over Gnide Pulleys between two 
non-parallel shafts fc the same 
plane. 



Flat Belt Transmitting Power between 
two parallel shafts not in the same plane 
by aid of guMe pulleys (GP>. 
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it is found desirable to remove the twist from the belt before it 
enters upon the follower, then a guide-pulley, GP, must be used 
as shown by the second figure. When the shafts are parallel, but 
not in the same plane, then the power must be transmitted by aid 
of two guide-pulleys, as seen from an inspection of the third 
figure. Or, should the shafts not be parallel, but in the same 
plane, two guide-pulleys are necessary, as in the fourth figure. 
Guide-pulleys, if supported by spindles running in adjustable 
bearings or brackets, may be made serviceable as tightening- 
pulleys for the purpose of taking up the slack of the belt, and 
thus giving the necessary grip for transmitting more power with 
a steadier drive than can be obtained without them. 

Shape of Pulley Face.— The student will have observed that 
the faces or rims of the fast and loose pulleys, as well as those of 
the stepped cones in the previous set of figures, are slightly 
curved. This convex curvature, or double coning, is purposely 
done in order to ensure that the belt may ride easily and fairly 
in the centre line of the pulley face without inclining to either 
side. A flat band, if placed on the smaller end of a revolving 
straight conical pulley, will naturally tend to rise to the larger 
end of the cone. Consequently, if each half of the face of a 
pulley is coned (or, which amounts to the same thing, if the rim 
of the pulley be curved so as to have its largest diameter in the 
middle of its face), each half of the breadth of the belt will have 
an equal tendency towards the middle of the pulley's rim. When 
very fast driving and sudden severe stresses are brought to bear 
upon a machine, as in the ease of circular saws, morticing 
machines, and emery-wheel grinders, it is found necessary to fit 
the pulleys with side flanges, in addition to curving their rims, in 
order to prevent the belts from sliding off the pulley's face to one 
side or to the other. 

N.B. — The student may be referred to the Author's Text- book on 
41 Applied Mechanics," Chapters XVII. and XVIII., for farther information 
on belt, rope, and chain gearing. 
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Lecture XI.— Questions. 

i. In machinery, where one pulley drives another by means of an end- 
less belt, there is a difference of tension in the two parts of the belt. Why 
is this ? The pulley on an engine shaft is 5 feet in diameter, and it makes 
100 revolutions per minute. The motion is transmitted from this pulley 
to the main shaft by a belt running on a pulley, and the difference in tension 
between the tight and slack sides of the belt is 1 15 lbs. What is the work 
done per minute in overcoming the resistance to motion of the main shaft ? 
(S. and A. Exam. 1891.) Ans. 180,550 ft.-lbs. 

2. Deduce from the "principle of work" a formula for the brake 
horse-power transmitted by a belt. The pull on the driving side of a belt 
is 200 lbs. and on the following side 100 lbs:, whilst the belt has a velocity 
of 990 ft. per minute. Find the number of units of work performed in two 
minutes and the B.H.P. transmitted. Arts. 198,000 ft.-lbs., 3 B.H.P. 

3. State and prove the rule for estimating the relative speeds of two 
pulleys connected by a belt. Also, the velocity ratio between the first 
driver and the last follower in belt gearing, where there are two or more 
drivers and a corresponding number of followers. [A main shaft carrying 
a pulley of 12 inches diameter and running at 60 revolutions per minute, 
communicates motion by a belt to a pulley of 12 inches diameter, fixed to 
a countershaft. A second pulley on the countershaft, of 8} inches dia. 
meter, carries on the motion to a revolving spindle which is keyed to a 
pulley of 4i inches diameter. Sketch the arrangement and find the 
number of revolutions per minute made by this last pulley. (S. and A. 
Exam. 1891.)] Ans. 123*53. 

4. Two pulleys are connected by a driving belt, and the sum of their 
diameters is 30 inches ; one pulley makes 2 revolutions while the other 
makes 3 revolutions ; find their respective diameters. Ans. 18", 12". 

5. An engine works normally at 106 revolutions per minute. At that 
speed it was found that it drove by belting a dynamo at 420 revolutions 
per minute, but to show off the electric lights at their normal candle 
power the dynamo had to be run at 460 revolutions per minute. At what 
speed was the engine being driven ? Ans. 116 revolutions per minute. 

6. A pulley of 3 feet radius rotates at 100 revolutions per minute and 
transmits motion to another pulley of 36 inches diameter. If there is 
10 per cent, slip on the belt what will be the speed of the follower ? 
What will be the net driving pull on the belt if 5 B.H.P. is transmitted by 

it 1 Ans. 180 revolutions per minute ; 97-2 lbs. 

7. Sketch an arrangement of pulleys and bands for obtaining a reversing 
motion from a shaft driven at a constant rate in one direction, and describe 
the action of the combination. 

8. Sketch a combination of fast and loose pulleys as used for setting in 
motion, or stopping machinery. Explain the construction adopted for re- 
taining a flat belt upon a pulley, pointing out where the fork is to be 
applied, and why. 

9. Sketch and describe a good form of slow forward and quick return 
for a shaping machine. 

10. Sketch and describe an arrangement for driving the table of a plan- 
ing machine by means of a screw, so that the table may travel 50 per cent, 
faster in the return than in the forward or cutting stroke. (S. and A. 

1888.) 
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11. What is the object of using guide-pulleys in machinery! Mention 
instances of their use, and show how the directions of their axes are 
ascertained. 

12. Describe, with a sketch, the mode of reversing the motion of the 
table in planing machine, a screw being employed to drive the table. 

13. What is the object of using speed pulleys ? Show their application 
in a foot lathe, and the manner in which the motion of the workman's foot 
is converted into the circular motion of the mandril. Sketch the arrange- 
ment. The diameter of the largest pulley on the crank shaft being 2 feet, 
and that of the smallest pulley on the mandril being 3 inches ; find the 
number of rotations of the mandril for each complete rotation of the crank 
shaft when these pulleys are connected by a band. Ans. 8 revolutions. 
[N.B. — Refer to the figures in Lecture XVI. of the foot-driving gear for the 
screw-cutting lathe, before answering this question.] 

14. When an ordinary train of wheels is employed for obtaining an 
increased speed of rotation, how are the wheels arranged? Sketch an 
arrangement of four pulleys with bands for driving a fan at 1500 revolu- 
tions per minute from a shaft making 100 revolutions per minute. (S. and A* 
Exam. 1893.) 

1 5. Two shafts are at right angles, and one is to be driven from the 
other by a belt and pair of pulleys. What are the conditions to be 
observed in fixing the pulleys in order that the driving belt may not run 
off either pulley when guide pulleys are not used ? Indicate in your sketch 
the direction in which the driving belt is running and also which you 
suppose to be the driving and driven shaft respectively. (S. and A. Exam. 
1894.) 

16. A rope transmits 20 horse-power to a rope pulley of 8 feet diameter ; 
draw a section of the rope in its groove. If the pulley makes 100 revolu- 
tions per minute, what is the speed of the rope in feet per minute ? What 
is the difference of the tensile forces in the rope on the two sides of the 
pulley ? As it is the difference between the tensile forces in a belt or rope 
that is important for power, why is it necessary to have any pull on the 
slack side 1 (S. and A. Exam. 1898.) 
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LECTURE XII 

Contents.— Velocity Ratio of Two Friction Circular Discs— Pitch Surfaces 
and Pitch Circles— Pitch of Teeth in Wheel Gearing — Rack and Pinion 
Velocity Ration in Wheel Gearing — Example I. — Principle of Work 
applied to Wheel Gearing — Examples II. III. — Questions. 

Velocity Ratio of Two Circular Friction Discs. — If two 
truly centred circular discs or cylindrical rollers, having their 
shafts parallel to each other and free to turn in fixed bearings, 
be brought into firm contact ; then, if one of them be driven 
round, and if there be no slipping, the other one will rotate in 
the opposite direction with the same circumferential speed or 
surface velocity (see the next figure). 

Consequently, their velocity ratio tvill be in the inverse ratio to 
their diameters. 

This may be proved in exactly the same way as we found the 
velocity ratio of two pulleys driven by a belt in Lecture XI. 

Let D x = Diameter of the driving disc. 
„ Fj = Diameter of the following disc. 
„ N D = Number of revolutions per minute of D t . 
„ N, — Number of revolutions per minute of F r 

Then, The surface velocity of D x = Surface velocity of ¥ t 
i.e ttDjNjjj = TrFjNp 

Or, ... D^-F^,/ 

i.e. The Driver's diameter x its speed = Follower's diamT x its speed. 

Speed of the Driver Diameter of Follower 
*•*' * * Speed of the Follower "" Diameter of Driver 

This velocity ratio may also be proved in the following way : — 

Let the two circles centred at A and B represent a cross 

section of the two friction discs in contact at C ; and let them 

move by rolling contact through the angles 6 and <f> respectively 

in the same time. 

Since the magnitude of an angle in circular measure is 
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always = the length of the arc subtended by the angle at the centre of 
the circle -r the radius of the circle. 




Velocity Ratio of Two Circular Discs, 

mi -^ » ~ arc DC , . Tii-Dn ± arc EC 

Then, z DAC = = J and Z EBC = $ = 

r x r, 

But, the arc DC = the arc EC since there is no slipping. 
Consequently, 

DC 
The angular velocity of circle A __ 6 _ r t _ r, 

The angular velocity of circle B <£ EO r x 

Or,* 

The angular velocity or speed of driver, A _ Radius of follower B 
The angular velocity or speed of follower B Radius of driver A 

Pitch Surfaces and Pitch Circles. — In the case of the two 
discs or rollers just considered, their cylindrical surfaces are termed 
the pitch surfaces; and the two circles in the previous figure 
(which is simply a representation of their cross section, or section 
in the plane of their rotation) are called the pitch circles. 

* The angular velocity of a rotating disc is the angle described by Its 
radius in unit time. 

The relation between angular velocity and linear velocity may be shown 
thus: — Let cu=the angular velocity; whilst u = the linear velocity of a 
point at radius r from the centre of motion when the disc makes * revo- 
lutions in unit time ; 

Then uxr = v ; or, to=-j but v=2trrn t 

r > 

t 2irrn _ <' 

• . W = — =2W7lt 
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When the resistance to motion of the follower is great, the 
discs have to be provided with teeth in order to prevent slipping. 

Consequently, the pitch surfaces and the pitch circles of such 
toothed rollers, toothed wheels, or spur wheel and pinion, are the 
surfaces and the circles of their rolling contact.* 

Fitch of Teeth in Wheel Gearing. — The linear or the 
circular distance from the centre of one tooth to the centre of the 
next one, or the distance from one edge of a tooth to the corre- 
sponding edge of its neighbouring one, as measured on the pitch 
circle, is termed the pitch of the teeth of a wheel. 

Let D — Diameter of a wheel or pinion at its pitch circle. 
p = Pitch of the teeth in the wheel or pinion. 
n a Number of teeth in the wheel or pinion. 
ThenwD = p x n 

For the circumference of the pitch circle must be equal to the 
pitch between any two neighbouring teeth x the number of teeth 
in the wheel or pinion ; since the pitch between each pair of teeth 
must be the same all round the pitch circle, otherwise the wheel 
would not gear properly with any other wheel or pinion of the 
same pitch. 

Back and Pinion. — If a straight bar of iron be furnished with 
teeth on one side it is called a rack. It may therefore be con- 
sidered as a wheel of infinite radius. When a rack has a pinion 
of the same pitch geared with it, the two form the useful combi- 
nation termed the rack and pinion. It is employed for moving 
to and fro the tables of planing machines and large saw benches, 
as well as for elevating and lowering sluices in dams, <fcc. 





PWan Pinfoo PMon 

End View. Side View. 

Rack and Pinion applied to a Saw-mill Table; 

The accompanying illustrations show the second of these appli- 
cations, where two parallel racks are fitted to the under side of 

* When a large toothed wheel gears with a small one, the larger is 
termed a spur-wheel and the smaller a pinion. It is not possible in the 
.space allotted to this elementary manual to enter into the best forms of 
the teeth of different kinds of wheel gearing. This subject is taken up in 
our "Advanced Text Book," Vol. I., Part II. 
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two movable tables or platforms. Upon the upper side of one 
of the tables is laid a log of wood adjusted in the desired position 
by wedges. The tables are each carried and guided by four 
rollers turning on fixed spindles. To the projecting end of the 
pinion shaft there is fitted a lever handle, so that by merely 
turning this handle in one direction, the racks, tables, and log of 
wood are pushed forward upon the projecting circular saw which 
revolves between the platforms, and if turned in the opposite 
direction they are drawn backwards. The pinions with their shaft 
and handle, have no linear motion, for the shaft is simply free 
to rotate in fixed bearings. 

The rack and pinion with their handle constitute a modification 
of the wheel and axle, or lever and winch barrel, where the re- 
sistance offered by the rack and its load is overcome by a force 
applied to the handle. Every revolution of the handle turns the 
pinion, and consequently moves the rack through a linear dis- 
tance equal to the circumference of the pinion's pitch circle. 
The principles of moments and of work can therefore be applied 
to this machine in exactly the same way as we applied them to 
the wheel and axle and the winch. 

If P «= Pull acting on the handles, 
R = Radius of handle, 
r = Eadius of pinion's pitch circle, 
W = Weight or resistance overcome ; 

Then • . P x 2*rR = W x 2*rr 

P x R = W x r 

Theoretical advantage . . » _. = — = f ve oci y 

6 P r Ws velocity 

Velocity Ratio in Wheel Gearing. — From what has been 
said about belt gearing, pitch surfaces, pitch circles, and pitch of 
teeth, it must be at once apparent to the student that the same 
rule which was worked out in Lecture XL, in connection with 
belt gearing, will equally apply to the case of wheel gearing, 
where there are an equal number of drivers and followers. In 
the accompanying figure, where there are three drivers and three 
followers, 

Let Dp D„ D, = Diameters of the drivers. 
„ F p F,, F, = Diameters of the followers. 
„ N D , N P ea Number of revolutions in the same time of the 

first driver and the last follower. 

Then, following the same reasoning as was expounded in Lecture 
XL for the velocity ratio of belt gearing, we have 
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The speed of the first driver x 
the successive diameters of 
the drivers 



The speed of the last follower 
x the successive diameters 
of the followers. 



i.e., N Di x D l x D, x D 3 = N Pj x ^ x F, x F, 



Or, . 



Np = F t x F, x F s 
N F ' D, x D, x D a 



T he speed of first dr iver _ Product of the diameters of the followers. 
The speed of last follower " Product of the diameters of the drivers. 

In the above equation we may substitute the radii, or the cir- 




/ 



Side View. 



Plan. 






Wheel Gearing in a Triple Purchase Winch 

cumferences, or the number of teeth in the drivers and in the 
followers respectively, for their diameters ; consequently, 

Let r n , r D , r D = Radii of the respective drivers. 
Qd > C D 3 = Circumferences ,, 

Wd , n D * = Number of teeth in „ 
r F » r p 3 = Radii of the respective followers. 
C/, C F 3 = Circumferences 
nj* w P 3 = Number of teeth in 

Then, N D xr xr n xr D = N P xr P xr F xr v 
Or, N Di x Cj) x C D x Cj) =N P x C P x C P xOp 

* 1 2 3 3 31 ft 3 



ll G r. 
„ n 

" Fl 
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PRINCIPLE OP WORK APPLIED TO WHEEL-GEARING. 1 3 5 
Or, N D xwp xrij) x% = N p xn P xw p xn P , 

1 1 S 3 3 1 2 ■• 

Example I. — Three drivers of 10, 20, and 30 teeth each, gear 
respectively with three followers of 40, 80, and 120 teeth each. 
Ascertain the velocity ratio between the first driver and the last 
follower. 

By the above formula — 

N D xn J)l xn D xn D = N P xwp x% xn P> ; 

. N D n Fl x n F x n F 



» 



N p, w Dl x 7i Da x np, 
Substituting the corre-t 



N D _ 4ox8ox 120 4x4x4 64 
N P 10x20x30 1 1 



sponding numerical 
values for the letters, 
we get 

Principle of Work applied to Wheel-gearing.— Referring 
to the previous figure, it is perfectly evident from the former 
applications to other machines of the " principle of work," that, 
neglecting friction, the force applied (to the handles of the 
machine) x the distance through which it acts, will be equal to the 
weight raised x the distance through which it is elevated. 

Let P = Push applied to the handles in lbs. 

„ R = Radius or leverage at which P acts. 

„ W = Weight raised by the rope on the barrel B. 

„ r= Radius or leverage with which W acts. 

„ Dj, D„ D 8 = Diameters of the driving wheels. 
„ P a , F„ F t = Diameters of the following wheels. 
„ N D = Number of revolutions of the first driver, D v or of 

1 the handles, H. 
„ N F ■* Number of revolutions in the same time of the last 

' follower, F 8 , or of the barrel, B. 

Then, by the principle of work and neglecting friction — 

P x its distance * = W x its distance. 

*.«., . P X 27rR X N d = W X 2ttT x N P 

1 • 

(Divide both sides of the equation by 2n) 



••• P x R x N D = W x r x N P 

1 1 



Or, • •  _=1^3. 



PxR N P P N Ps xr 



or 



Wxr-N Di > Vi W"N Di xR 

* It is evident that in order to obtain the distance through which P 
acts, we must multiply the circumference of the circle described by the 
handles by the number of revolutions they make ; and in the same way 
the circumference of the barrel must be multiplied by the revolutions 
which it makes in the same time, in order to get W's distance. 
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But by the previous equation for velocity ratios, 

Np D t x P, x P t 
N D 3 ~F J xF f xF I 

Pxlt P^P^P , 

14,1 * * WTr-^xF.xF, 

Or, PxRxFjXFjXF^Wxrx^x^xD, 

Hence the general ride for work done in wheel-gearing Pxtta 
leverage x the diameters (or radii, or circumferences, or number of 
teeth) of all the followers aWxtte leverage x the diameters (or radii, 
or circumferences, or number of teeth) of all the drivers. 

Example II. — If four men exert a constant force of 15 lbs. 
each on the handles of a compound crab or winch (such as that 
illustrated by the previous figure), and if the leverage of the 
handles is 15", whilst the weight to be raised acts on the barrel 
or drum at a leverage of 5'', what load will they lift if the 
respective diameters of the drivers are 12", 20", and 20"; and 
of the followers, 36'', 80'' and 100", neglecting friction? 

Answer. — In this case, P = 4X 15 = 60 lbs.; 11=15"; r=5"; 
P 1 -i2 // ; P,=2o"; P 8 =2o"; ^-36"; F s = 8o", and F,= ioo". 

By the above formula and by substituting the corresponding 
numerical values we have — 

P x R x F! x F, x F 8 = W x r x P l x P, x P t 

60 x 15* x 36" x 80" x 100" = W x 5" x 12" x 20" x 20" 

3 3 4 5 
6oxjl0xg0x$0x |00 
••• w » — 



x^x^x 
Or, . • W = 6ox 3x3x4x5=10,800 lbs. 

Example III. — If 40 % of the force applied to the handles be 
absorbed in overcoming internal friction in the above example of 
a winch, what weight can then be raised by the four men, each 
acting, as before, with a constant force of 15 lbs. ? 

Answer. — If 40 % of the applied force be lost in overcoming 
friction, then only 60 % is left for effective work, or the efficiency 
or modulus of the machine is said to be 0-6.* 

Consequently, 100 : 60 : : 10,800 lbs. : x lbs. 

...s- 6oxIO > 8o °- 6480 lbs. * 

IOO 

* The term modulus of a machine is only another expression for the more 
appropriate phrase, efficiency of a machine. 
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1. When two circular discs with fixed centres are in firm contact and 
roll uniformly together, state and prove the rule for estimating their 
relative* speeds of rotation. 

2. Define the pitch circle of a toothed wheel. When two pitch circles, 
A and B, of diameters 2 and 3 respectively, roll together, prove that the 
angular velocity of A is to that of B as 3 to 2. Three spar wheels, A, B, C, 

. with parallel axes, are in gear. A has 8 teeth, B has 32 teeth, and G has 
42 teeth. How many turns will A make upon its axis while goes round 
8 times? Why is B termed an idle wheel? (S. and A. Exam. 1888.) 
Ans. 42 turns. 

3. What is the pitch of a tooth in a spur wheel? Two parallel shafts, 
whose axes are to be as nearly as possible 2 feet 6 inches apart, are to be 
connected by a pair of spur wheels, so that while the driver runs at 100 
revolutions per minute, the follower is required to run at only 25 revolu- 
tions per minute. Sketch the arrangement, and mark on each wheel its 
diameter and the number of teeth, supposing the pitch of a tooth to be 
1 J inch. (S. and A. Exam. 1890.) 

Ans. The follower is 48 inches diameter with 120 teeth. 
The driver is 12 „ „ 30 „ 

4. Define the "pitch surface" and the "pitch circle" of a toothed 
wheel. Two parallel axes are at a distance of 10 inches, and they are to 
rotate with velocities as the numbers 2 and 3 respectively. What should 
be the diameters of the pitch circles of a pair of wheels which would give 
the required motion, and what might be the numbers of teeth on the 
wheels ? Ans. 12 inches and 8 inches. 

5. Sketch and describe the " rack and pinion" and give instances from 
personal observation of its application. A pinion of 3*2" diameter has 
teeth of 1" pitch, and gears with a straight rack applied to a sluice gate. 
If the weight of the sluice and rack be 100 lbs. and the lever handle 
describes a circle of 40*2" in each turn, what force must be applied to the 
handle to lift the gate ? How many feet will the sluice be lifted by six 
turns of the handle. Ans. 25 lbs. ; 5 ft. 

6. Sketch the arrangement known as the rack and pinion. Apply the 
"principle of moments " and the " principle of work " to find the relation 
between the force applied and the weight raised by aid of this machine. 
A pinion has sixteen teeth of f -inch pitch in gear with a rack. If the 
pinion makes 3$ turns, through what distance has the rack been moved ? 
If the pinion is turned by a handle 14 inches long, and with a force of 
35 lbs. applied to the handle, find the force with which the rack is urged 
forward. Ans. 49 inches ; 220 lbs. 

7. Deduce the formula for the velocity ratio in wheel gearing where there 
are three drivers and three followers, and state the rule derived therefrom 
in general terms. Three drivers of 20, 30 and 40 teeth respectively gear 
with three followers of 40, 60 and 80 teeth. If the first driver makes 160 
revolutions, how many revolutions will the last follower make ? Ans. 10. 

8. In the previous question, if the handles attached to the first driver 
have each a radius of 15", and the drum connected to the last follower be 15" 
diameter, what force must be applied to the handles in order that they 
may lift 11 20 lbs., supposing that the efficiency of the machine is 70 per 
cent.? Ans. 100 lbs. 

9. The hour and minute hands of a clock are on the same arbor or axis, 
and the hour hand takes its motion from the minute hand. Devise some 
train of wheels for connecting the two hands. 
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10. How would you determine the "pitch circles," and the proper 
"pitch of the teeth" for a pair of spur-wheels? What would be the 
diameter of the pitch circle of a spur-wheel having 80 teeth of 2 inch 
pitch ? 

Three spur wheels A, B, are on parallel axes, and are in gear. A has 
10 teeth, B has 35 teeth, and C has 55 teeth. How many revolutions upon 
its axis will be made by A for every 4 revolutions of C ? Why is B called 
an idle wheel and what is its use 1 (S. & A. Exam. 1896.) 
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LECTURE XIII. 

Contents.— „ . , . £ ._ 

chase Winch or Crab — Example II.— Wheel Gearing in Jib-Cranes— 
Questions. 

In this Lecture we will apply the principles and formula; dis- 
cussed in the previous one to a few practical applications of 
gearing in machines for lifting weights. 

Single- purchase Winch or Crab. — The comparatively small 
working advantage of the eimpl" hand-driven wheel and axle or 



eiNGLB-PUBCHASB WlNCH OB CRAB, 

By Messrs. London Bros., Glasgow. . 

handlu and winch barrel (illustrated in Lecture V.) renders it unfit 
for lifting greater weights than one or two hundredweight. Con- 
sequently, whenever heavier loads have to he raised by manual 
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labour, one of the most useful machines that can be employed is 
the single-purchase crab. As will be seen from the accompanying 
perspective view, this machine consists of a pair of lever handles 
fitted to the squared ends of a round shaft carrying a pinion. 
This pinion gears with a spur-wheel keyed to a lower shaft, upon 
which is also fixed a drum or barrel. To a hook or eye on the 
inside neck of the left-hand flange of this barrel the rope or chain 
(to be connected to the load) is attached. Therefore, the turning 
of the handles causes the barrel to rotate and wind the rope upon 
it, thereby elevating , the load.. Both shafts turn in bearings 
bored in the cast-iron end standards or A frames. These frames 
are bound tightly together and kept at a fixed distance apart by 
three wrought-iron collared stays, secured on the outside by screw 
nuts. To the outside right-hand end of the barrel shaft there is 
keyed a friction pulley acted on by a steel brake-strap, for the 
purpose of enabling the labourers to lower a load gently or 
quickly without enduring the stress and danger of pulling back 
on the handles. In fact, after applying the brake-strap by its 
outstanding handle, they can lift the claw pawl which is hinged on 
the top stay (and which keeps the pinion in gear with the spur- 
wheel when in the position shown on the figure) and by pulling 
the upper shaft to the right, disengage the pinion from its wheel. 
Then, by adjusting the pawl into the other groove of this shaft, 
they are free to lower the load by the brake without having the 
handles flying round. Between the right hand flange of the 
barrel and its neighbouring A frame there is a ratchet-wheel (not 
seen on the figure). This ratchet-wheel is generally cast along 
with the barrel. Its pawl, which is hinged to the inner side of 
the standard, can therefore be dropped down so as to engage 
with a tooth of the stop-wheel, whenever it is necessary to cease 
heaving up a heavy weight; thereby preventing the machine 
overhauling, and giving the labourers freedom to leave the handles 
and attend to other duties. 

Example I. — In a single-purchase crab the lever handles are each 
16" long, the diameter of the barrel is 8"; the pinion or driver 
has 12 teeth, and the wheel or follower 60 teeth. If two men 
apply a constant force of 20 lbs. each to the handles, and are just 
able to raise a weight of 600 lbs. to a height of 20 feet in two 
minutes, find — (1) the theoretical advantage ; (2) the working 
advantage; (3) the work put in for every foot the weight is 
lifted ; (4) the work got out for every foot the weight is lifted ; 
(5) the efficiency ; (6) the percentage efficiency of the machine; 
(7) the H.P. developed by the two men. 

Answer. — Referring to the notation in last Lecture, we have 
P = ax7Mbs. = 4olbs.; R=i6"; r=4"; n^ ■= 1 2 teeth ; n* = 6o 
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teeth ; W T =the theoretical weight that would be raised if there 

were no friction ; W A = 600 lbs* (the actual weight raised) ; h= 20 

feet. 

W 
(1) Theoretical advantage ^"p^ 

By the principle of work {neglecting friction.) 
P x by its distance* = W T x its distance.* 

P X 27rR XWp = W T X 27TT X 7&d 

Px It xwp=Wi.x r x% 

_ PxRxw. 

••. W T = — 

T r x w D 

(Substituting the above numerical values we get) 

4 5 

W T = 4 °*^* ^ = 40x4x5 = 800 lbs. 



Consequently, 



W T 800 20 



' P 40 1 

/ \ nr 7 • j * W A 600 lbs. 15 

(2) Working advantage = -p^ = tt— = -r- 

(3) Work put in for every foot W A is raised. From equation 

(1) we see that for every foot W A is raised P must have gone 

20 
through 20 feet, since the velocity ratio is — 

.\ P x 20 = 40 lbs. x 20 = 800 ft.-lbs. 

(4) Work got out for every foot W A is raised 

- W A x i' = 600 lbs. x 1' = 600 ft.-lbs. 

(rt Theemcwncv Work got out 600 ft.-lbs. 

{5) lf " ^V"™^ - Work put in = 800 ft.-lbs. = '" 

(6) The percentage efficiency =.75 x 100 = 75% 

/ \ mi tt » j 1 7 t *7 * Work put in per minute 

(7) The H.P t developed by the two men = *- 

tTTP _8ooofUbs. 1 1 

- * **' 33000 ft.-lbs. = 4 ' or 8 a horse "P ower P er man - 

* It is evident that — 

P x 1 turn of handles Number of teeth in the driver 



W T x 1 turn of barrel Number of teeth in the follower. 
Or, . . P x 2ttR : W x 2irr ::n D : n 9 

.*, Px23rRxn A =W T X2irrxn t . 



DOUBLE-PURCHASE WINCH OR CRAB. 143 

Double-purchase Winch, or Crab. — It will be observed, from 
an inspection of the accompanying photographic view of a " Double- 
purchase Crab," that the chief difference between it and the single- 
purcha.se one is, that it haa another pinion and wheel, with a view 
of increasing the actual or the working advantage, and thus 
enabling the same manual force to lift a greater load, although 
by taking a longer time. It is also larger, heavier, and stronger. 



Double- purchase Winch ob Crab. 

By Messrs. London Bros., Glasgow. 

As will be seen from the figure, it may be used as a single-purchase 
winch by simply lifting the claw-pawl hinged on the top stay, and 
pushing the handle shaft forward until its left-hand pinion gears 
with the large spur wheel, and then letting the pawl drop on to 
bearing to the right hand of the two collars on this shaft. By st 
doing, the right-hand pinion or first driver (when in double-pur- 
chase gear) is freed from the first follower, and both arc inactive 
during the time it is used in single purchase, but the second 
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driver is still in gear and is turned round by the spur wheel. The 
brake strap pulley is keyed to the second shaft (carrying the first 
follower and second driver), and can be used for lowering the load 
without the handles coming into action (as described in the pre- 
vious case) by placing the claw-pawl between the two collars in the 
first motion shaft. When the pawl is in this position, both of the 
pinions on this shaft are out of gear. The machine may be locked 
and the load left suspended by dropping the ratchet into the 
ratchet-wheel cast on the right-hand end of the barrel in the same 
way as with the single-purchase crab. A triple-purchase winch 
was illustrated in Lecture XII., and the student should again 
refer to the plan and the side elevation of its gearing. 

Example II. — Four men exert a force of 20 lbs. each, on the 
handles of a double-purchase crab, which are 15" long. The 
driving pinions have 12 teeth each, the followers 24 and 48 teeth 
respectively, and the diameter of the barrel is 10". Find the 
weight that can be raised if 25 per cent, of the work put in be 
absorbed in overcoming friction. 

Answer. — Here P = 4 x 20 = 80 lbs. ; R = 15" ; w Dl » 1 2 3 n^ =» 

12; w Pl =24; w P , = 48; r=5". 

By the formula deduced in the previous lecture from the 
principle of work (neglecting friction), 

PxRx» P x»p= W T xrxnj) x% 

3 2 4 

After cancelling, we get— 

80x3 x 2X 4 = W T = 1920 lbs. 

If 1920 lbs. of work be expended by the men and 25 per cent, 
of this be lost work, there remains 75 per cent, as useful work. 

Or, . . 100 : 75 :: 1920 lbs, : W A . 

Weight actually raised = W A = 1440 lbs. 

Wheel Gearing in Jib Cranes. — In Lecture VIII. the side 
view of a jib crane was given for the purpose of exemplifying the 
stresses on the jib, tie-rods, and central pillar. We now illustrate 
a swing jib crane on a bogie and rails, to show that the frame- 
work and lifting gear are simply those of an inverted double- 
purchase crab with the toothed wheels placed outside the standards 
instead of inside as in the ordinary winch. The snatch block 
pulley (previously referred to in Lecture VII.), to the hook of 
which the load is attached, doubles the theoretical purchase or 
advantage of the winch gearing, and therefore one, two or more 
men can lift nearly double the weight by aid of this simple 
addition to the machine. Large cranes of this description are 
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fitted with slewing or horizontal turning gear, to enable the load 
when lifted to be swung round before depositing it in a truck, 






hold of a ship, or on a machine tool. This latter gear consists of 
a horizontal wheel on the top of the vertical central cast-iron 
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supporting boss, with which is geared a bevel pinion, actuated by 
aid of a lever handle. 

In order to prevent the whole machine being capsized by a 
heavy load, there is a back balance weight, and further the bogie 
wheels can be clamped to the rails. The back balance weight also 
tends to cancel the severe right angle stress on the central pillar 
which was specially taken notice of in Lecture VIII. We will 
defer the description of heavy steam power cranes, tripods and 
shear legs to our Advanced Course. 
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LbOTUEE XIII. — QUESTIONS. 

1. Where wheelwork is employed to modify motion, as in a crane, or in 
the double-geared Deadstock of a lathe, how is the change of motion 
calculated ? Write down the formula employed. 

2. Sketch a side elevation and end view of a single purchase crab, and 
describe the same by aid of an "index to parts." Apply the principle of 
work in solving the following question : — The lever handle of a crab is 
three times the diameter of the drum, and the wheelwork consists of a pinion 
of 16 teeth driving a wheel of 80 teeth ; what- weight will be lifted by a 
i'orce of 30 lbs. acting at the end of the lever handle ? Aim, 900 lbs. . 

3. Describe, with a freehand sketch, a single purchase lifting crab. The 
leverage of the handle of the crab is 16 in., and there is a pinion of 20 teeth 
driving a wheel of 100 teeth, the diameter of the barrel being 8 in. Assign 
the relative proportions of the working parts, and estimate the theoretical 
advantage. What weight would be raised by a man exerting a force of 

15 lbs. on the lever handle, neglecting friction ? Ans. 300 lbs. 

4. A weight of 4 cwt. is raised by a rope which passes round a drum 
3 feet in diameter, having on its shaft a toothed wheel also 3 feet in 
diameter. A pinion, 8 inches in diameter, and driven by a winch-handle 

16 inches long, gears with the wheel. Find the force to be applied to the 
winch-handle in order to raise the weight. Ans. 112 lbs. 

5. In a lifting crab the lever handle is 14 inches long, the diameter of the 
drum is 6 inches, and the wheel and pinion have 57 and 1 1 teeth respect- 
ively. Find the weight in pounds which could be raised by a force of 50 
lbs. applied to the lever handle, friction being neglected. Ans. 1209 lbs. 

6. In a crane there is a train of wheelwork, the first pinion being driven 
by a lever handle ; and the last wheel being on the same axis as the chain 
barrel of the crane. The wheelwork consists of a pinion of 1 1 gearing 
with a wheel of 92, and of a pinion of 12 gearing with a wheel of 72, the 
diameter of the barrel being 18 inches and that of the circle described by 
the end of the lever handle being 36 inches ; find the ratio of the pull to 
the weight raised, friction being neglected. Ans. n : 1104. 

7. In a 30-ton crane the tension of the chain as it runs on the winding 
barrel is 7J tons, the barrel is 2 feet in effective diameter, and the spur 
wheel connected with it is 4 feet in diameter on the pitch line ; what 
pressure will come upon the teeth of the spur wheel, supposing such 
pressure to act on the pitch line (friction is neglected) ? (S. and A. Exam., 
1889.) Am. 3*75 tons. 

8. The crank of an engine is 2' long, and the diameter of the fly-wheel 
is iof ; also the fly-wheel has teeth on its rim, and drives a pinion 3' in 
diameter. If the mean pressure on the crank pin be *j\ tons, what is 
the mean driving pressure on the teeth of the pinion ? Ans. 3 tons. 

9. Draw to scale a side elevation, end view and plan of a double purchase 
crab, and describe the same by aid of an " index to parts." If four men 
each exert a constant force of 15 lbs. on the handles of such a crab ; if the 
handles have a leverage of 16 inches whilst the barrel is 16 inches diameter, 
and if the drivers have 12 teeth each while the followers have 24 and 60 teeth 
respectively ; find the weight which they could balance neglecting 
friction. If 30 per cent, of the work put in, be taken up in overcoming 
friction, what load can they lift? State (1) theoretical advantage; 
(2) working advantage ; (i) work put in when lifting the load I foot ; 
(4) the work got out ; (5) the percentage efficiency ; (6) the height 
through which they would lift the load in 1 minute if each man de- 
veloped 1 H.P. Ans. 1200 lbs. ; 840 lbs. ; (1) 20 : 1 ; (2) 14: 1 (3) 1200 
ft. -lbs. ; (4)840 ft.-lbs., (S) 70 per cent.; (6) 1375 ft. 
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LECTURE XIV. 

Contents.— Screws — The Spiral, Helix, or Ideal Line of a Screw Thread 
— The Screw viewed as an Inclined Plane— Characteristics and Con-, 
ditions to be Fulfilled by Screw Threads — Different Forms of Screw 
Threads— Whitworth's V-Threads— Whitworth's Tables of Standard 
V-Threads, Nuts and Bolt Heads— Seller's V-Thread— The Square 
Thread— The Rounded Thread— The Buttress Thread— Right and 
Left-hand Screws — The Screw Coupling for Railway Carriages— 
Single, Double and Treble Threaded Screws — Backlash in Wheel and 
Screw Gearings — Questions. 

Screws. — Every one is more or less familiar with the form and 
uses of the screw nail for securing pieces of wood together, and of 
the bolt with its nut for fixing metal plates in position ; but every 
one is not so familiar with the principle upon which screws are 
generated and act, or with the best shape to be given to a screw 
under different circumstances. We shall therefore endeavour 
in this Lecture to explain these points in an elementary manner, 
instancing a few examples of the practical applications of screws, 
but reserving for the following Lecture questions on the work 
done by screws and their efficiency. 

The Spiral, Helix, or Ideal Line of a Screw Thread. — 
A very good idea of the form of a screw is obtained from the accom- 
panying figure, which represents one means of elevating or trans- 




Spibal or Screw fob Moving Grain, 

ferring grain, flour or other powdered substances from one part 
of a milling works to another. It consists of a steel band twisted 
around a cylindrical shaft in a continuous and uniformly pitched 
spiral. This shaft and screw are placed in a trough, tube or 
pipe. The grain or powdered substance is fed in at one end 
of the pipe, and by rotating the screw with a wheel or lever fixed 
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to one end of the shaft, the loose material is gradually pressed 
forward until it reaches the other end, from which it may be 
dropped into sacks or put through another process. It is evident 
from an inspection of the figure that as the screw is turned round 
by the lever, the particles of matter are forced atony the face 0/ 
the continuous inclined plane formed by the spiral steel band. 

The principle upon tehicA the screw acta i*, therefore, a combination 
of the inclined plane and the lever. 

To bring this view of the case still more forcibly before the 
student, take a cylinder and fix along the side thereof parallel to 



Fobminq A Screw Theead oh a Cylinder. 

its axis (by gum or drawing pins) a rectangle, AGDE, of paper 
or white cloth, having its sides, AC and DE exactly equal to the 
circumference of the cylinder. Then, when the envelope is wound 
round the cylinder by the turning of the handle, H (in the direction 
shown by the arrow at P), it exactly covers its cylindrical surface. 
On the outside of this rectangle when unfolded, draw any con- 
venient number of parallel inclined black lines, AB, Ac, equi- 
distant from each other as shown by the figure, and again wrap 
it round the cylinder. These lines will be found to form a con- 
tinuous spiral, helix, or -screw-thread line from one end of the 
cylinder to the other. And the side AC of the right-angled 
triangle ACB forms the circuniference, BC the pitch, AB the 
length of the thread (for one complete turn of the cylinder), and 
the angle BAC is the inclination or angle of the screw. 

The Screw Viewed as an Inclined Plane. — Take another 
cylinder having an evenly pitched screw-thread line drawn upon 
it. Cut a sheet of flexible cardboard into the form of a right- 
angled triangle with its height BC or h equal to the pitch (or dis- 
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tance between two consecutive threads when measured parallel 
to the axis of the cylinder) ; AC or b equal to the circumference 
of the screw and wrap it round the cylinder, taking care to keep 
BO parallel to the axis. Then the hypothenuse AB or length I 
of the inclined plane will coincide with the contour of the screw- 
thread for one complete turn, and BAC or, a, is the angle of the 
thread to the plane at right angles to the axis of the cylinder. 

Now conceive this screw-thread instead of being a mere line 
to be an inclined plane of known breadth, as in the case of the 
grain elevator.* Let the total weight of material being urged 




Figure to Prove that a Screw Thread is an Inclined Plane. 

forward or upwards by the turning of the screw be W lbs., and 
let the resistance due to this load be uniformly distributed along 
the screw thread or inclined plane. Then, comparing the first and 
the third figures, it is evident that any small portion of the load 
having a weight W 8 lbs. will have a corresponding reaction It, lbs., 
and will require a part P, lbs. (of the total force, P, applied to 
turn the screw at the radius at which this portion is situated) to 
move it along the screw-plane against the frictional resistance F r 
Imagine the work done to be transferred to the inclined plane, 
AB, then any portion of the load having a weight W t lbs. will 
have a corresponding reaction R t lbs., and will require a part 
Pj lbs. (of the total force, P, applied parallel to the base to pull 
the whole load up the inclined plane) to move it along the plane 
against the frictional resistance F r Now, these forces act in 
identically the same way as the second case of the inclined plane, 
which was discussed in Lecture IX., consequently — 



W, : P t : E, 

VY a . -to • -t*0 

W :P :R 



AC 
AC 

b 



CB 
CB 

h 



AB 

AB 

I 



* Or, that the screw-thread has a certain depth as measured radially 
from the axis of cylinder. 
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Or P,OB t height _& _ pitch of thread 

9 W A C base b circumference of screw. 

We therefore see that a screw may be treated as an inclined 
plane where the force turning the screw — i.e., overcoming the 
resistance to motion — acts parallel to the base of the incline. The 
same reasoning may be applied to any screw turning in a nut or 
to a nut turning on a screw. 

Characteristics of and Conditions to be Fulfilled by 
Screw Threads. — The essential characteristics of a screw-thread 
are ita pitch, depth, and form. 

The principal conditions to be fulfilled by a screw-thread are : 
(i) efficiency ; (2) strength; (3) durability, 

(1) The efficiency depends on the pitch and the friction, and 
hence on the pitch and form of thread. 

(2) The strength depends upon the form or the shearing thick- 
ness and depth, or area of the cross section parallel to the axis. 

(3) The durability depends chiefly on the depth — that is, upon 
the extent of bearing surface. 

Different Forms of Screw Threads. — Sir Joseph Whitworth, 
the famous tool and gun manufacturer, was so impressed with 
the great inconvenience and loss of money which arose from the 
use of different pitches and forms of threads for screws and nuts, 
that he published the following tables giving the dimensions of 
what has now become known as the Whitworth standard. Prior 
to 1 84 1, the year in which Whitworth proposed the adoption of 
standard sizes for screws, and for several years afterwards, differ- 
ent engineering works in this country not only used different 
pitches for screws of the same diameter, but it was no uncommon 
thing to find a want of uniformity in the same shop. Now, 
every one in Great Britain and her colonies uses the Whitworth 
standard sizes for V-threaded bolts and nuts of |-inch and upwards, 
and the British Association standard for smaller screws in electrical 
and philosophical instruments. 

Whitworth's V Thread.*— The following figures of a Whit- 
worth thread and nut, together with the tables, will serve to 
give full information regarding the number of threads per inch 
for different diameters of screw-bolts, nuts and bolt-heads, <fcc. 

The angle between opposite sides of the threads and of the 
intervening spaces is 55 . One-sixth of the depth of the thread 
is rounded off at both the top and the bottom for the purpose of 
preventing a sharp nick at the bottom (which would weaken a 

* For a description of Whitworth's screw- taps, plates, stocks, dies and 
combs, see " Workshop Appliances " by Professor Shelley. And for a table 
of the B. A. Standard for Small Screws,see Munro and Jamieson's Electrical 
Rules and Tables, 13th ed., p. 67. 
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Whitworth's Standard for Screws with Angular Threads. 
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Whitworth Vee Threao. 



Angle of thread = 55°. One-sixth 
of depth is rounded off at top and 
bottom. 

Number of threads to the inch in 
square threads = £ number of those in 
angular threads. 

Depth of threads = 0*64 pitch for 
angular = 0*475 pitch for square 
threads. 



Whitworth's Gas Threads. 
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Whitwohth Sckbw Nut. 



WmTWOBTH'a Standard Nuts . 
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bolt or a nut), as well as for ease in manufacturing them, since it 
would be practically impossible to maintain such perfectly sharp 
edges in the stocks and dies or in the combing tools with which 
such bolts and nuts are generally screwed. Besides, it would be 
most inconvenient to handle such sharp- pointed screws if they had 
edges tapering right off to 55°, and, moreover, it would serve no 
useful purpose, for such a thin edge cannot materially add to the 
strength of a screw-thread. 

The Whitworth thread is stronger than any other, except that 
of the buttress one, since its thickness at the bottom of the thread 
is nearly equal to the pitch of the screw. The compression or 
grip is considerably greater than with the square thread, because 
the pitch is only half as much for the same size of bolt. The 
efficiency of the "Whitworth V-thread as a means of transmitting 
motion is, however, small, since the reaction being at right angles 
to the face of the thread, a large part of the force employed in 
turning the screw is expended in tending to burst the enveloping 
nut. This very inefficiency, however, adds to its utility as a 
binder for all kinds of machinery, since a properly fitted nut when 
once screwed down, will not run back or overhaul, unless the pitch 
be very great and the threads be well oiled. 

Seller's V- Thread .—In the United States of America, Seller's 

V-thread is used. It differs from the 

Whitworth V-thread in that the angle 

between the opposite sides of the thread 

and between the spaces is 60° instead 

of 55°, also the depth is reduced by a 

sharp flat top and bottom, equal to one- 

8eli_er's V thread. eighth of the pitch, instead of being 

rounded. This is rather a curious 

divergence from the usual American practice, where almost every 

other part of their excellent machine tools are beautifully rounded 

off by symmetrical curves. 

The Square Thread — Since the bearing surface in this 
thread is very nearly at right angles to the direction of pressure 
and resistance it is much used for transmitting motion. Of the 
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force applied to turn this screw there is only a small percentage 
dissipated in tending to burst the nut ; consequently, its efficiency 
is greater than that of the V-thread. As will be seen from the 
accompanying figure, the thickness of the thread and the width of 
the space are made equal, in single-threaded screws, therefore the 
shearing thickness is greatly reduced, and consequently its strength 
is less than the V-thread. The durability is, however, greater 
than in any other form of screw, for there is a larger bearing sur- 
face presented in the best manner to resist pressure. 

The Bounded Thread —This form is simply a modification 
of the square thread, in order to facilitate the quick engaging and 



Rounded Th bead 

disengaging of a leading motion screw by its nut in machine 
tools, or where a screw has to be subjected to rough usage. Its 
efficiency and durability are less than the square thread, but its 
strength is much greater, since the shearing thickness is greatly 
increased by the fillets at the bottoms of the thread. 

The Buttress Thread. — In such cases as the raising and 
lowering of heavy guns for the purposes of sighting and loading 
them,- where the pressures are always 

in one direction, then this form of n ..p... M „, 

thread is adopted, because its strength 
is a maximum, the loss due to friction 
is a m in i m um, and there is very little 
tendency to burst the nut. The 
efficiency is quite equal to that of the 

square thread, although the durability duttoeso thiiiad. 

is lessened by the fact that a certain 

amount of wear would diminish the depth of the thread. The 
strength is, however, nearly double, since the shearing thick- 
ness is double. It therefore possesses the advantages of the V 
and the square thread where pressures have to be applied in one 
direction. 

A slight modification of the buttress thread is used for wood 
screws. These bolts take a very firm hold of any material into 
which '.hey can be screwed. Consequently, they are used for 
screwing thick planks of wood together,and binding down plates or 
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other planks where vibration and stresses would start and lessen 
the grip of the ordinary V- thread. They are much used by ship 



Goacu on Wood Screw with KEJU-BunaEss Tubeab. 
carpenters and erectors of light scaffolding, and are sometimes 
called holding-down bolts. 

Bight- and Left-hand Screws. — A right-hand screw, when 
being turned forward or into a nut, rotates in a right-handed 
way or in the direction of motion of the hands of a watch, whereas 



Left h*nbed8ohew Right-handed sonew 

a left-hand screw moves in the opposite or left-handed direction, 
as shown by the direction of the circular arrows in the above 
figure. 

The Screw-coupling for Railway Carriages is a very good 




Scbbw Coupling: fob Railway Cabkiag.es. 
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example of the use of right- and left-hand screws. When two 

carriages are brought together, the free link hanging from the 

hook of one of them is placed on the hook of the other one. The 

porter then turns the central lever by rotating the ball in a circle, 

thereby screwing both the right- and the left-hand screws into 

their respective nuts, which consequently draws the hooks toward 

each other, and couples the carriages tightly together. 

Example. — If the pitch of each screw is £", the length of the 

lever arm or distance from the axis of the screw to the centre of 

the ball is 14" ; and if the railway porter pulls the ball with a 

force of 40 lbs. when the carriages are brought tightly together, 

what will be the tension on the screw threads ? 

22 
Answer. — Herep  J" ; b = 2irR = 2 x — x 14" = 88" ; P = 40 lbs. 

The formula for the ratio of P to W in the case of a single 
screw given in this Lecture is 

P P w Px * 

m 40 x 88" 
.-. W« 4 .„ =7040 lbs. 

But there are two screws, and for every complete turn made by 
P, the stress W would be moved through twice the pitch of one 
screw or through 2 x J" = 1". 

w PxJ 40x88 
.•. W= = - -3520 IbB. 

2p I 

Note. — We may answer this question directly from the u Principle of 
Work" Students should be trained to work out each question from first 
principles rather than from formulas ; for, by a too free use of formulae they 
are apt to lose sight of principles. 

Let the lever make one complete turn, then each nut will advance along 
its own screw a distance equal to thepiteh. Therefore the two nuts, and con- 
seque Uly the two carriages, will be brought nearer by a distance equal to 
twice the pitch, or, =2 xp. 

By the principle of wort, and neglecting friction— 

Work got out = Work put in 
Or, • • Wx2p=Px2rR 

W 27- 

Or, . . • W= 4QX2x V x '4* ^3520 lbfl. 

1 2 x J" 

Single, Double, and Treble-threaded Screws. — As has been 
previously stated, both the efficiency and the forward distance 
traversed in a single turn of a screw are directly as the pitch of 
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the thread, but the strength is proportional to the area of its cross 
section. Now, if for any purpose requiring a rapid movement of 
the nut or of a screw, the pitch must be increased ; and if the 
screw consisted of a single-threaded square one, where the depth, 
thickness of the thread, and the width of the groove are each 
equal to half the pitch, the strength of the shaft upon which the 
screw is cut would be unnecessarily reduced. If the groove be 
made shallower and narrower then two threads, with two spaces 
having the same pitch as the single one, can be cut upon it so as 
to present about the same area of bearing surface to the pressure 
and at the same time afford quite as great a shearing thickness 
without interfering with the velocity ratio.* If a very great 
velocity ratio should be required, then three or more threads with 
corresponding grooves may be cut in the shaft and nut. 

Backlash in Wheel and Screw-Gearings. — Backlash is the 
slackness between the teeth of wheels in gear or between a screw 
and its nut. Suppose that two wheels are in gear, and that you 
move one of them in a certain direction until it turns the other, 
and then reverse the motion ; if you can now move the pitch circle 
through, say, | inch, before the second wheel responds, this distance 
is the amount of backlash. In the same way, suppose you turn a 
screw in one direction until its nut moves, and then reverse the 
motion, the angle or proportion of a turn which you can now 
make before the nut responds, is the backlash of the screw and its 
nut. If a great amount of backlash be present in wheel-gearing, 
it causes vibration and a disagreeable rattling noise ; and where 
severe stresses and sudden stoppages, are common, the teeth are 
liable to be stripped. It can only be thoroughly prevented by 
cutting the teeth most accurately of the best rolling contact form 
by a tooth-cutting machine. All screws and nuts that are much 
worked are liable to backlash as they become worn, although when 
new they may have been very free frpm it, so that the best way 
of taking up the slack is to form the nut in two parts with flanges 
connected by screw-bolts, which may be tightened from time to 
time so as to take up the wear, and thus keep one side of the 
threads in one half of the nut, bearing hard against one side of the 
threads of the screw, and those in the other half against the other 
side. 

* Refer to the Index for the page where the figure of the Fly Press 
appears. The screw of that machine is a double-threaded one. 
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Lecture XIV.— Questions. 

1. Explain how a screw is a combination of the lever and inclined 
plane, and illustrate your remarks. Find the theoretical advantage or 
ratio of W to P in the case of a screw of 1 inch pitch and 3*2 inches 
diameter ; if the lever or spanner key be 7 feet long. Ans. 528 : 1. 

2. Given a cylinder and a sheet of paper of sufficient size to cover the 
cylindrical surface, show how you would trace an evenly pitched spiral or 
screw line on the cylinder. Mark on your sketch the pitch, circumference, 
and angle of the screw-thread. 

3. Trace a screw-thread line on a cylinder. Draw a triangle to repre- 
sent the pitch, circumference and angle of the thread, and show the 
direction of all the forces on the supposition that there is a total pressure, 
Wlbs., on the end of the cylinder acting parallel to its axis and balanced by 
a force, P lbs., acting at its circumference in a plane at right angles to the 
axis, with a total friction of F lbs. on the screw-thread. 

4. What are the essential characteristics of a screw-thread ? Upon 
which of these do (1) the efficiency, (2) the strength, (3) the durability of a 
screw depend ? 

5. Sketch and describe all the forms of screw-threads which you have 
seen in practice. State their representative advantages and disadvantages, 
and for which kind of work each kind is most suitable. 

6. Define the pitch of a screw. In the Whitworth angular screw-thread, 
what is the angle made by opposite sides of the thread ? To what extent 
is the thread rounded off at the top and bottom ? Distinguish between a 
tingle and a double-threaded screw; in what cases should the latter be 
used ? Why are holding down bolts made with angular threads ? 

7. Distinguish between a right-handed and a left-handed screw. Sketch 
the screw-coupling which is commonly used to connect two railway 
carriages, and explain the action of the combined screws. If the pitch of 
each screw is f inch and the lever-arm from the axis of the screw to the 
centre of the ball is 12 inches, with what force will the carriages be pulled 
together by a force of 50 lbs. applied to the ball on the end of the arm 1 
Ans. 5028*5 lbs. 

8. Draw a single, double, and treble square-threaded screw to a ^th 
scale, where the outside diameter of the screw-thread is 10 inches and the 
pitch 6 inches. Explain the advantages of using a double or treble thread 
instead of a single one for transmitting rapid motion against a considerable 
resistance. 

9. Why is the angular- threaded Whitworth or Seller's screw better 
adapted than the square, rounded, or buttress thread for the bolts which 
are used to bind pieces of machines, &c., together ? 

10. What is meant by backlash t How may backlash be prevented in a 
screw, and in wheel gearing f 

11. Sketch the screw-coupling commonly used to connect together the 
carriages of a railway train, and explain its action. With what force 
would the carriages be drawn together by the exercise of a pressure of 
50 lbs. applied to the ball at the end of the arm, supposing the pitch of 
the screw to be f-inch, and that the centre of the ball measures 1 foot from 
the axis of the screw? Friction is to be neglected. (S. and A. Exam. 
1893). Ans. 502656 lbs. (r-3*i4i6). 
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CONTENTS.— Efficiency, &c, of a Combined Lever, Screw, and Pulley Gear— 
Example I. — Bottle Screw-jack — Example II. — Traversing Screw- 
Jack — Screw Press for Bales— Screw Bench Vice— Example III. — 
Endless Sorew and Worm-Wheel — Combined Pulley, Worm, Worm- 
Wheel and Winch Drum— Worm-Wheel Lifting Gear— Example IV.— 
Questions. 

Efficiency, &c, of a Combined Lever, Screw, and Pulley 
Gear. — Construct an apparatus of the following description, 
having a horizontal Whitworth V-screw of, say, p" pitch, with 
cylindrical ends and flanges supported by bearings, so that the 
screw cannot move longitudinally, but with a nut free to travel 
from one end of the screw to the other, along a slide or guide 




apparatus for demonstrating the action and 
Efficiency of Screw Gear. 



Index to Parts. 
W represents Weight (o be lifted. I P represents Putt 



Guide Pulley. 
Nut. 



pulley rope 
Radius of pulley, 
support 
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which prevents it from turning round. Apply a force, P, to a 
rope passed over the V-grooved pulley of radius, R, keyed to the 
end of the screw shaft, until it moves the nut with the hook, 
rope, and weight, W, attached thereto, as shown by the accom- 
panying side elevation, plan and end view of the apparatus.* 

Example I. — If the radius, It, of the turning-pulley be 12", the 
pitch, p, of the screw 1", and the gross pull, P, required to lift a 
weight of j 00 lbs. be 4 lbs. : find (1) the velocity ratio; (2) the 
theoretical advantage ; (3) the working advantage ; (4) the work 
put in to lift W 1 foot; (5) the work got out; (6) the percentage 
efficiency. 

Answer. — We have got in this question all the necessary data required 
to find the various answers except n, the number of turns which the screw 
will have to make in order to lift W 1 foot. Since the pitch of the screw 
is 1", each turn thereof will elevate or lower the weight 1", according as it 
is turned the one way or the other ; consequently, if the screw makes 
12 turns, the nnt and the weight will move through 12", therefore n=i2 
turns. 



# It is evident that, in addition to the friction between the screw and 
the nut, there is friction at the several bearings, at the nut slide, and in 
the bending of the ropes. Consequently, if the student were to place in 
succession weights at W of, say, 10, 20, 30, 40 lbs., &c, and ascertain by aid of 
a Salter's spring balance (hooked into the rope which passes round the turn- 
ing-pulley), the corresponding pulls required to lift these several weights, 
and to plot down the results on squared paper with the weights as abscissas 
and the pulls as ordinates, and then to draw a line through the inter- 
sections of the vertical and horizontal lines drawn through the correspond- 
ing values, he would obtain a characteristic curve for the friction of the 
machine as a whole. If he took the precaution to balance the initial 
friction of the machine (when there was no weight attached at W) by 
hanging such a small weight at P as would just move the nut towards 
the turning-pulley, he would find upon repeating the above experiments 
(keeping the small additional weight on all the time) and replotting the 
results as now recorded by the spring balance,-that the second frictional 
curve would approach much nearer to a straight line than the former one. 
In fact, its deviation therefrom would simply prove that the friction of the 
movable bearing surfaces was not directly proportional to the load. To 
arrive at the characteristic friction curve for the screw alone, he would 
have to find out by trial the proportion of the several pulls applied, which 
were spent in overcoming friction at all other points except between the 
screw and the nut. To those students who have the time and opportunity 
for carrying out experiments in applied mechanics, the apparatus illustrated 
above will prove interesting and instructive. The figures are drawn from 
the machine constructed in the author's engineering workshop for the 
purpose of enabling his students to make similar tests to those suggested 
above. A square, or a rounded, or a buttress-thread may be substituted 
for the V-Whitworth one, and sound information may thus be obtained 
about different forms of screws, which will make a stronger and more 
lasting impression on some students than by merely studying books. 
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By the principle of work : — 

/ x mi m -. n *- P's distance in i turn of driving pulley 

(i) The Velocity Ratio - — ^ 7t ,. . 7—rr ^-^ 

x ' J W s distance in the same time 

__ Q c « of pulley _ 2irB _ 754 

' * , pitch of screw p 1 

(2) The Theoretical Ad-\ _ Weight lifted if there were no friction 
vantage • J Pull applied 

, W T 2wR 754 

» t» it " p = p ~ x 

00 lbs. 25 



(3) The Working Advan-\ ^ W _ 1 

tage . . . J P 4 lbs. 

( 4 ) mwwF* * to ^ 

lift W 1 foot . J 



„ „ „ .2X22XI2"xi2 X 4 = 801 . 8e ft.-lbfl. 

n i» ww 7x12" 

(5) The Work Got out t«| _ w ,_ lbjJ ,_ l00 ft _ lba 

raising W 1 /oo£ j 

(6) 2fe Pffwufqp *£-| =Efficie 1QO 

Work got out 
» » » " Work put in X I0 ° 

" " » 301-56 ft.-lta. 887% 

Bottle Screw-Jack. — The importance of the screw as a 
simple machine for exerting great pressures, is very well ex- 
emplified by the screw-jack. This tool is used for replacing 
locomotives and railway carriages upon their rails, for elevating 
heavy girders into position, or for overcoming any great resistance 
through a small space which cannot be effected by a labourer and 
a lever. As will be seen from the accompanying figure it consists 
of a strong hollow bottle-shaped casting, with a projecting handle 
for facilitating the carrying of the tool from one place to another. 
In the upper end of the casting a square-threaded screw is cut 

* It is evident that with such a low percentage efficiency the weight 
when hanging from the rope will not be able to overhaul the machine. 
The student can calculate what pitch of screw would be required with the 
fame co-efficient of friction before overhauling could take plaoe, 



BOTTLE SCKEW-JACK. 163 

parallel with the axis, and into this nut there is fitted a steel 

screw terminating in a spherical head, having two holes bored 

through it at right angles to each other. Into 

one or other of these holes an iron lever. bar 

is fixed, so that by pulling or pushing on the 

outer end of the bar the screw is turned, and 

thus the head is gradually raised from the 

base. To avoid the tearing, grinding action 

that would ensue between the head and the 

object acted upon, the former is provided with 

a loose crown fitted on a central pin projecting 

from the round head. 

Let L = Length of the lever arm in inches 
from centre of jack to where the 
force is applied. 
„ p = Pitch of screw in inches. 
„ P=Pull or push applied at radius L. 
n W = Weight lifted or resistance over- 
come. 
Then, by the Principle of Work, and neglect- 
ing friction, we have in one turn of lever — 

P x its distance = W x its distance 
Or, P x a«L = W x p Bowl. Scbew- 

. Wxp JACK - 

Example II. — A weight of 10 tons has to be lifted by a screw- 
jack, in which the pitch of the screw is \". What length of lever 
will be required if a force of 70 lbs. be applied at the end of it ? 
(1) Neglecting friction ; (z) if the modulus or efficiency of the 
tool is only 4. 

Answer.- — (1) By the previous formula (neglecting friction) 

L -W*y- %S»*-s**y „56o.oy.4fr 

' PX2)T ff0X#X22 22 



(2) Taking friction into account we see from the question that 
the efficiency is = '4, therefore the percentage efficiency is 40, or 
60 per cent, of the work put in is lost work required to overcome 
friction between the screw and its nut. But as the length of the 
lever is directly proportional to the work put in, the theoretical 
length of the lever found above is only 40 per cent, of the actual 
or working length required. 
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.*, 40 : ioo"25'45 : L, 

L 100x2545 = eae" 

40 

Traversing Serew-Jaok. — It is very often convenient, when 
using a strong heavy screw-jack, to he able to move the head a 
short distance to one side or the other, when near the object to 
which it is to be applied; or, after having raised a load with one 
or more jacks, to be able to traverse the jacks forward or hack- 
ward through a short distance until the load is brought into 



Traversing Scbew-Jack with Ratchet -Levees. 
(B7 P. & W. MacLellan, Glasgow.) 

the desired position. These movements may be effected with a 
jack of the form shown by the accompanying figure. Further, 
this jack is provided with a side foot-step attached to and pro- 
jecting from the lower end of the vertical screw. This foot-step 
can be placed under the flange of a low beam or rail, where it would 
be inconvenient or perhaps impossible to get the top head under- 
neath the same. The nut of the horizontal traversing screw is 
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formed in, or fitted to the bottom of the vertical casting, and this 
screw is turned by a ratchet-lever which may be slipped on to one 
or other of the squared ends of its shaft. The upward and down- 
ward movement of the vertical screw is also affected by a ratchet- 
lever, and in this case without turning the screw, for the ratchet- 
wheel is fixed to the nut of its screw. The pawl of the ratchet 
may be locked on one side or the other, so as to enable the ratchet- 
wheel and the vertical screw-nut to be turned round in either 
direction for elevating or lowering the load. 

Screw Press for Bales. — "When soft goods or hay have to be 
transported they may be squeezed into small bulk by means of a 



Screw Press for Bales. 
(By Loudon Bros., Glasgow.) 
screw press, and bound firmly when under the press, by strips of 
hoop-iron passed round them and then riveted before the pressure 
is relieved. The bound bundle is then termed a bale. The 
operation will be understood by an inspection of the accompany- 
ing figure. The loose material is placed in the space between the 
rigid base and the movable plate of the press, the doors are closed 
and locked, the pressman applies himself to the end of the lever 
with a force, P, thereby turning the nut of the screw and forcing 
the movable plate downwards with a pressure, W, until the 
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desired compression of the goods has been attained. The doors 
are then opened and the strips of hoop iron (which were previously 
or are now placed in the grooves of the base and upper plate) are 
brought together and riveted. The lever is then turned in the 
opposite direction to relieve the pressure, and the bale is removed 
to the store or ship to make room for another quantity of goods 
being subjected to a similar action. 

The same formula as we used for the screw-jack and for 
Example I. in connection with the combined lever, screw and 
pulley gear, naturally applies to this press, and to any similar 
appliance, such as a letter-copying press." 

Screw Bench Vice.— A bench vice is essentially an instru- 
ment for seizing and holding firmly any small object whilst it is 
being acted upon by a chisel, file, drill, saw, or emery cloth, 4c. 
Looking at the figure which illustrates the following example, it 
will be seen that the vice is a combination of two levers, a square- 
threaded screw, and a nut. The object to be gripped is placed 




Sohew Besch Vice, 

between the serrated jaws J J. The lever handle H, on being 
turned, forces the screw S into its long nut, and thereby presses 
forward the outer jaw upon the object, by aid of the flange on the 
screw-head. This jaw is a lever, having a fulcrum at F, and therer 
fore the pressure on the object is less than that on the screw- 
collar in the proportion of SF to OF. The bent flat spring 
between the limbs of the fixed and movable jaws serves to force 
the movable jaw away from the fixed one when the screw is turned 
backwards, and thus relieves the object without having to pull 

* Refer to page 249, where the Illustration of the Fly-press occurs. 
The statical pressures produced bj this machine when used for punching 
holes, tat., may be treated in the same way. 
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this jaw back by the hand. It will be observed that the fixed 
jaw should have been continued to the floor level by a vertical 
supporting leg, in the case of such a big vice intended for rough 
heavy engineering work. 

Example III. — Sketch an ordinary bench vice. Apply the 
principle of work to find the gripping force obtained when a man 
exerts a pressure of 20 lbs. at the end of a lever 18 inches long, 
the screw having four threads per inch, the length from the 
hinge to the screw being 18 inches, and the length from the 
hinge to the jaws being 24 inches. (S. & A. Exam. 1892.) 
Answer. — Let P represent Pull on end of handle H = 20 lbs. 
„ Q „ Resistance offered by screw at S. 
„ R || Reaction, or gripping force, exerted 

on object at O. 
„ L I, Length of handle H= 18 inches. 
„ p „ Pitch of screw S =* J inch. 
Suppose the handle, H, to make one complete turn under the 
action of a constant force, P, at the extremity thereof, against a 
constant resistance, Q, acting along the axis of the screw. 

[The student will observe that we suppose the forces P and Q to be con- 
stant, which is not correct for such a large movement as a complete turn 
of the handle, bat which may be assumed here for the sake of simplicity. 
The reason for this is, that the resistance, R, will vary with the com- 
pression produced on the object at O. However, the ratio between P 
and R will remain a constant quantity.] 

The work done by P during one turn of handle = P x 2*rL. 
And „ onQ during the same time « Q xp. 

But, by the Principle of Work — 

Work done by P = Work done onQ 

.•. Px2*rL = Qxo 

Substituting the > 

numerical values— r 

20X2Xy X l8" = Qx£" 

t>tQa 20X2X22Xl8x 4a90Sr43lbS| 

7 
But by the Principle of Moments — 

RxFO = QxFS ' 

24 4 

♦.«., R = - A x 905 1 43 = 678867 lbs. 
4 
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Endless Screw and Worm-Wheel.* — When a screw is 
rotated between fixed bearings so that it cannot move longi- 
tudinally, it is called an endless screw, because the threads of the 
screw seem to travel onwards without ending, t When suck a 
screw gears with a toothed wheel, having its teeth set obliquely 
at the same angle as the threads of the screw so as to bear evenly 
thereon, the wheel is termed a worm-wheel. The endless screw is 
sometimes called the worm, no doubt from its resemblance to that 
well-known humble animal which, when coiled up for rest, would 
not turn upon any one unless trod upon. 

By this arrangement, motion may be transmitted from one shaft 
to another at right angles to each other, without any possibility 
of the machine overhauling ; for although the velocity ratio is very 
great, the efficiency is comparatively small — considerably under 
50 per cent, with single-threaded screws — owing to the friction 
between the worm and the wheel. \ 

It is most important for the student to comprehend that if the 
screw he a single-threaded one, it must make as many turns as there 
are teeth on the wheel, for every revolution of the latter. If the 
screw is a double-threaded one, then for each revolution thereof it 
drives the wheel through a distance equal to the distance between 
two teeth on the pitch circle, and if treble-threaded through the 
pitches of three teeth. Thus, if N equal the number of teeth in 
the worm-wheel, then, with a single-threaded screw, for every 

turn of the same, the wheel will move a distance of ^ ; with a 

double-threaded worm jj, and with a treble-threaded one >j 

and so on. 

The endless screw and worm-wheel is used in a very great 
variety of circumstances, from the turning of a big marine engine 
when in port, to the delicate movements in a telescope or a micro- 
scope. 

Combined Pulley, Worm, Worm-wheel and Winch 
Drum. — This combination is shown by the accompanying end 
and side views drawn from an experimental piece of apparatus in 

* Refer to the next figure.. 

f The term perpetual screw would express more exactly its action, for 
when in motion, it continually screws the worm-wheel round. 

? The greater the diameter of the screw and the smaller its pitch is, the 
better will be its bearing on the teeth of the wheel, but then the efficiency 
will be so small that there will be no chance of overhauling. This is the 
condition to be observed when the screw is intended to drive the wheel. 
If, however, it should be required to drive the screw by the wheel, or 
necessary that overhauling should take place, then the screw must be small 
in diameter, its pitch very great, and either double or treble threaded. 
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the Author's Laboratory, which is used by the students for ascer- 
taining the 'efficiency of the machine, and for finding the co-efficient 
of friction between the endless screw and worm-wheel. 





End View. Side View. 

Pulley, Worm, Worm-wheel and Winch Drum. 

Index to Parts. 

P represents Pull applied to 

pulley. 
R ,. Radius of pulley. 

Wm 



WW 



j> 



»! 



Worm or endless 

screw. 
Worm wheel. 



N represents Number of teeth in 

WW. 
D „ Drum, or diameter of 

winch barrel. 
r „ Radius of drum, D. 

W „ Weight to be lifted. 



By the Principle of Work (neglecting friction), if the drum, D f 
makes one turn, and if the worm be a single-threaded screw, 

P x its distance = "W x its distance 

Or, PX 27rRN = Wx 27TT 

(divide both sides by 2v) 

PxRN = Wxr 

2_JL* 
W~RN 






* It will be evident to the student that, given any four of these five 
values, he can change this formula so as to find the fifth one ; and, that 
he can experiment with this machine in precisely the same way as has 
been already explained in the case of the wheel and axle, block and tackle, 
Weston's pulley block and screw, &c, to ascertain its working advantage, 
co-efficient of friction and efficiency. 
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Worm-wheel Lifting Gear. — The accompanying figure 
shows a practical application of the endless screw and worm- 
wheel for the same purpose as the Weston's differential block is 
U3ed — viz., the lifting of weights without fear of the tackle over- 
hauling. A light-driving endless chain passes 
J over a V-grooved pulley having ridges or teeth 

Jj on the inner sides of the grooves, so as to fit 

> the pitch of the links of the chain. This 

a pulley is keyed to the outer end of a worm 

a spindle, whose screw gears with a worm- 

B wheel fixed to or cast along with a second 

>y V-grooved ridged pulley or drum, over which 

— is passed the movable end of a heavier lifting 

j chain after it has been reeved under a snatch- 

3 block pulley. In fact, it is simply the previous 

* experimental apparatus in a handy and com- 

5 pact form. 

P Exabplb IV.— If in lifting tackle of the 

9 above description the driving pulley has a 

radius R=s", the number of teeth in the 
a worm-wheel N = zo, and the driven pulley a 

3 radius r=s"; what weight suspended from 

% the snatch-block hook could be lifted by a 

g force of io lbs. applied to the forward side of 

^ the light chain— (i) Neglecting friction, (2) if 

the modulus or efficiency of the whole appa- 
ratus were only "25? 

Answer.- — (1) Applying the previous formula, and taking 
account of the fact that the lifting chain is combined with a 
snatch- block, we have — 

w-^ii^ig- "'"'"'f° -«on» 

r £ 

(2) Owing to friction, weight of chain aod snatch-block, the 
actual result obtainable is only -25, or 25 per cent, of this theo- 
retical value ; consequently 

100 : 25 :40c: x 

«.Uiii2?..ioon». 
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Lecture XV.— Questions. 

1. A horizontal screw, of z inch pitch, is fitted to a sliding nut which is 
palled horizontally by a cord passing over a fixed pulley, and having a 
weight, W, attached to it. To the free end of the screw there is fixed a 
pulley of 20 inches diameter, from the circumference of which a weight, 
?, hangs by a cord. Find the ratio of P to W. Ans. i : 62*8. 

2. In a set of combined lever, screw, and pulley gear, like that illustrated 
before Example I. in this Lecture, R = 6", P = 2 lbs., W = 50 lbs., and 
the pitch of the screw is such that there are 2 threads to the inch ; find (1) 
velocity ratio, (2) theoretical advantage, (3) working advantage, (4) work put 
in to lift W 1 ft., (5) work got out, (6) percentage efficiency. Ans. (1) 75*4 : 1 ; 
(2) 75-4 : 1 ; (3) 25 : 1; (4) 150-8 ft. -lbs. ; (5) 50 ft.-lbs. ; (6) 33*1 per cent. 

3. Describe, with sketches, the construction of an ordinary lifting jack 
in which the weight is lifted by means of a screw and nut. If the screw 
be 1 inch pitch, the lever 20 inches long, and the pressure applied at the 
end of the lever be 30 lbs. ; what weight can be lifted (neglecting friction) f 
(Take it = 3*1416.) (S. and A. Exam. 1890.) Ans. 3770 lbs. 

4. In a screw-jack, where a worm-wheel is used, the pitch of the screw is 
I inch, the number of teeth on the worm-wheel is 16, and the length of 
the lever is 10 inches ; find the gain in pressure. Ans. P : W : : 1 : 1069. 

5. What practical objection is there to the use of screw gear of any 
description for obtaining great pressure ? Take for example the case of 
the screw-lifting jack. Sketch in vertical section and plan, and describe, a 
traversing one to lift say 20 tons. Explain how the screw of the jack is 
raised and lowered without being turned round. 

6. Sketch and describe the construction and action of a screw press for 
pressing goods so as to make them into bales for transport. What force 
must be applied at the end of a screw press lever 8' 4" in length, in order 
to exert on the goods a total pressure of 22,000 lbs. when the pitch of the 
screw is 1 " ? If 60 per cent, be lost in friction, what pressure would result 
from the application of this force on the lever? Ans. 35 lbs. ; 8800 lbs. 

7. Sketch an ordinary bench vice. Apply the principle of work to find 
the gripping force obtained when a man exerts a pressure of 15 lbs. at the 
end of a lever 15 inches long, the screw having 5 threads per inch, the 
length from the hinge to the screw being 12 inches, and the length from 
the hinge to the jaws being 16 inches. Ans. 5303*6 lbs. 

8. Explain, with a sketch, the manner in which the principle of work is 
applied in determining the relation of P to W in the case of the endless 
screw and worm-wheel The lever handle which works the screw being 
14" long, the number of teeth in the worm-wheel 20, and the load being a 
weight of 1000 lbs. hanging upon a drum 12" diameter on the worm-wheel 
shaft, find the force to be applied at the end of the lever handle in order 
to support the weight. (S. and A. Exam. 1887.) Ans. 21*43 lbs - 

9. Explain the mechanical advantage resulting from the employment 
of an endless screw and worm-wheel. The lever handle which turns an 
endless screw is 14" long, the worm, which has 32 teeth, and a weight, W, 
hangs by a rope from a drum 6" diameter, whose axis coincides with that 
of the worm-wheel. If a pressure P be applied to the lever handle, find the 
ratio of P to W. (S. and A. Exam. 1883.) Ans. P : W : : 3 : 448. If in 
this question the worm be changed to (1) a double, and (2) a treble- 
threaded screw, what will be the respective ratios of P to W? Ans. 

(1)1:74-6; (2) 1:497. 
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10. Describe, with the aid of a sketch, how the pressure upon the book 
is obtained in an ordinary copying press. What should be the length of 
the double ended lever, supposing that the power is always applied simul- 
taneously to both ends of the lever, in order that with a screw having 
6 threads to the inch, the combination may have a mechanical advantage 
of 216 ? (S. & A. Exam. 1896.) 

11. Sketch in vertical section the common screw or bottle lifting jack. 
The lever in such a jack is single ended, and measures 24 inches in length, 
the pitch of the screw is f inch. What force applied at the end of the 
lever would be required to raise a load of 22 cwt., the effect of friction 
being neglected? (S. & A. Exam. 1895.) 

12. Describe, with a sketch, the construction of an ordinary screw-jack 
with a lever handle and screw. If the pitch of the screw be J inch, the 
leDgth of the lever handle 29 inches ; what load could be lifted, neglecting 
friction, by a force of 19 lbs. applied to the end of the lever handle 1 
(S. & A. Exam. 1894.) 

13. Describe either a screw-jack (pitch of screw £', handle 19 long) or a 
simple winch for lifting weights up to 1 ton by one man. What is the 
mechanical advantage neglecting friction 7 Describe what sort of trial 
you would make to find its real mechanical advantage under various loads, 
and what sort of result would you expect to find 1 (S. & A. Exam. 1897.) 

14. The diameter of the safety valve of a steam boiler is 3 inches. The 
weight on the end of the lever is 55 lbs., and the distance from the centre 
of the valve to the fulcrum is 4*5 inches. What must be the length of the 
lever from the centre of the valve to the point of suspension of the weight, 
in order that the valve will just lift when the pressure of steam in the 
boiler is 80 lbs. per square inch ? Neglect the weight of the lever and the 
valve. (S. & A. Exam. 1896.) 
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LECTURE XVI. 

Cok tents. —General Idea of the Mechanism in a Screw-cutting Lathe— 
Motions of the Saddle and Slide Best — Velocity Ratio of the Change 
Wheels — Rules for Calculating the Required Number of Teeth in 
Change Wheels — Examples I. II.— Movable Headstock for a Common 
Lathe — Description of the Screw-cutting Lathe in the Author's Elec- 
trical Engineering Workshop, with a complete set of Detail Drawings 
— Questions. 

General Idea of the Mechanism in a Screw-cutting 
Lathe. — We will devote this Lecture to giving a general idea of 
the mechanism by which screws are cut in lathes, and the velocity 
ratio of the screw to be cut to the leading screw, together with a 
description of a complete set of illustrations prepared from work- 
ing drawings of a new self-acting screw-cutting lathe. 

Referring to the following figure, and to the general view of the 
6-inch centre screw-cutting lathe (further on), it will be seen that 
the round metal bar on which the screw is to be cut is placed 
between the steel centres of the fixed and movable headstocks of 
the lathe. This bar has an eye-catch on its end next to the fixed 
headstock, which engages with a driving-stud connected to the 
face-plate. In order to obtain the necessary force to cut the 
screw, and to reduce the speed of the workshop motion shafts (in 
the case of a power lathe, or of the treadle shaft in the case of a 
foot lathe) to the required velocity, the fixed headstock is sup- 
plied with back motion gearing. The back wheels may be put 
into or out of gear with the lathe spindle wheels at pleasure, by a 
simple eccentric motion (in the case of the lathes herein illus- 
trated), or, as is sometimes effected, by sliding the back shaft 
forward, so that its wheels clear those on the lathe spindle, and 
then fixing it there, by a tapered pin fitting through a hole in the 
framing and a groove cut in the shaft. But, when the back 
motion is required for the purpose of making a slow heavy cut, 
the follower F, is thrown out of gear with the stepped cone 
pulley, so that the driver Dj (which is keyed to the cone) may 
turn the follower ¥ l ; and the driver T> t (which is keyed to the 
same spindle as F t ) rotate the follower F t (which is keyed to the 
lathe spindle), and hence revolve the face-plate and the bar, out of 
which the screw is to be formed. 
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On the back extension of the lathe spindle there is fixed a 
change wheel or small driver, d, which gears with a follower, / 
(keyed to the left-hand end of the leading or parent screw), either 
direct in the case of the cutting of a very finely pitched left- 
handed screw; or, through the intervention of a transmitting, or 





End Views showing Change Wheels. 
For Bight-Handed Screws. For Left-Handed Screws. 

i Lathe. 



General Idea o 



Index to Parts. 



SC represents Screw to be cut, 

or child. 
LS „ Leading screw, 

SR „ Slide rest. 

D„ D, 1. Drivers of fixed 

beadatock. 



F,, F, represents Followers of liied 
beadatock. 
d,f „ Driver and fol- 
lower of change 
wheels. 
IF „ Idle pinion of 

change wheels. 



what is technically termed an idle, pinion, IF, in the case of a 
medium-pitched right-hand screw. (See also the end views of the 
change wheels above.) 

It will therefore be seen that there are two independent motions 
to be considered — (1) the reducing gear from the speed of the 
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driving cone to that of the lathe-spindle or bar to be operated 
upon; and (2) the multiplying or reducing gear between the 
lathe-spindle and the leading screw. The former of these will be 
at once understood from the figures, and from what was said in 
regard to wheel-gearing in Lecture XII. 

We shall now consider the second motion. Remembering that 
the pitch of the parent or leading screw is fixed and unalterable, 
and that on its truth depends to a large extent the accuracy with 
which the child, or screw to be cut, can be formed, it will be clear 
that we have only to connect these two parallel shafts with suit- 
able gearing in order to transmit, by aid of the " copying prin- 
ciple " the characteristics of the parent to the child.* This may 
be done in an equal or magnified or diminished degree, according 
as the pitch of the screw to be cut is equal or greater or less than 
that of the leading screw. 

Motions of the Saddle and Slide Best. — The base of the 
slide rest, or the saddle as it is technically termed, bears upon and 
is guided by the truly-planed shears (or upper framing of the lathe) 
parallel to the line joining the centres of the fixed and movable 
heads. In turning a right-handed screw the saddle is moved from 
the movable headstock towards the fixed one, or from right to left, by 
clasping it to the leading or guiding screw with a split nut attached 
to the under side of the saddle. In cutting a left-handed screw 
the saddle is moved by the same means, but in the opposite direc- 
tion, — t.e., from left to right. In other words, it travels in the direc- 
tion towards which the threads of the screw to be cut are inclined 
forward. 

To the upper side of the saddle is bolted the slide-rest sur- 
mounted by the tool-holder. The rest is provided with two in- 
dependent sliding motions, each actuated by a hand-turned screw, 
and guided by a true plane surface with dovetailed sides. These 
motions (for the purposes of turning parallel work and screws) 
are fixed at right angles to each other, the lower one being 
parallel to the centre line of the lathe, and the upper one at right 
angles thereto. Both motions are therefore independent of each 
other and of the sliding motion of the saddle. The turner is 
thereby enabled to adjust the cutting tool with great delicacy and 
accuracy with reference to the job to be operated upon, irrespective 
of the automatic travel of the supporting saddle. 

Velocity Batio of the Change Wheels. — As has been men- 
tioned already, the change wheels are interposed between the 

* It is reported that Sir Joseph Whitworth, feeling the importance of a 
thoroughly true leading screw, spent an immense deal of money upon the 
scraping and finishing of a parent screw for a first-class lathe, from which 
many or the best screws in this country have been copied. 
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back end of the lathe spindle and the leading screw, for the pur- 
pose of transferring motion to the saddle, and determining, that 
the cutting tool shall be moved through a definite pitch for each 
rotation of the cylinder to be turned or screwed. Every turn of 
the leading screw moves the saddle and cutting tool through a 
distance equal to its pitch, and consequently if the bar to be 
screwed, turns at the same rate as the leading screw, the pitch of 
the screw cut upon it, will be the same as that of the leading 
screw. If it moves faster than the leading screw, the pitch will 
be less ; and if slower, the pitch will be correspondingly greater. 
It therefore follows as a matter of course, that if we fit wheels on 
the lathe spindle and on the leading screw of the same diameter, 
or having the same number of teeth, the screw being cut will 
Lave the same pitch as the leading screw. If we fix a small 
pinion, or one with few teeth, on the lathe spindle and a wheel of 
large diameter, or many teeth on the leading screw, the pitch of 
the screw to be cut will be small, compared with that of the leading 
screw. Or, if the number of turns per minute of the leading 
screw be greater than that of the screw being cut, the pitch of 
the latter will be greater than that of the former, and vice versd.* 

Rules for Calculating the Required Number of Teeth 
in Change Wheels. — The following rules simply express the 
previous reasoning in the form of proportion. In applying them, 
the student should again refer to the end views of the change 
wheels in the first figure of this Lecture. 

Pitch of screw to be cut__ No. of teeth in 1st driver x No. in 2nd driver. 

Pitch of guiding screw No. of teeth in 1st follower x No. in 2nd follower. 

Let p e ■= Pitch of screw to be cut in inches, or fraction of 

inch, between two threads. 
„ p g = Pitch of guiding screw „ „ „ . 

„ d v d a = Diameters or number of teeth in drivers. 
„ f v f % = Diameters or number of teeth in followers. 

Then, &=i*£. 

Or, Petfi*ft = Vo* d i* d * 

* What was said in Lectures XII. XIII. and XIV. enables the student to 
see clearly the velocity ratio between the cut screw and the leading screw. 
We need scarcely remind the student that the above statements refer to 
the pitch of a screw as tlie distance between two consecutive threads^ and not to 
the number of threads per inch. If the number of threads per inch of its 
length are taken as the pitch, instead of the distance between two threads, 
the reverse ratio will hold good. Since a pitch of £" means 4 threads to 
the inch, a pitch of A" means 3 threads to the inch, and a pitch of J" means 
2 threads to the inch. Or, the number of threads per inch is inversely 
proportional to the distance between two consecutive threads of the screw. 

M 
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When the train of wheels is a compound one, as in this case, the 
two intermediate multiplying or reducing wheels, f and d v are 
fixed to any outstanding movable arm or quadrant at the left-hand 
end of the lathe, so as to bring them into gear with d x and /,. (See 
second view of the previous figure.) 

If the train of wheels is a simple one, as in the first, third, and 
fourth views referred to above, where there is only one driver, d, 
and one follower,/, with, when necessary, one or more idle pulleys, 
IP, simply for the purpose of connecting d and /and of giving f 
the desired direction of rotation, then— 

— = -f,°rp c xf=pgXd. 
P ff f 

Should the pitch of a screw be expressed by the number of 
threads per tncA of its length — as is usually the case in tables of 
screws and change wheels — then you can either convert this 
number into the pitch proper, by taking its reciprocal — (i.e., by 
making the number of threads per inch the denominator of a 
fraction, with i for the numerator) or you may say — 

Lot t c ** Threads per inch of screw to be cut, 
„ t ff ^ Threads per inch of guiding screw. 

Then, since tho number of threads per inch are inversely 
proportional to the distance between any two consecutive threads, 

t g Pc d t x d t 
Or, . . t c x d l x d t ^ t g x f x f % 

If the train is a simple one, then 

k- I;or,t e x d ~t g xf 
t g a 

Example I. — The lathe illustration further on, has a guiding 
screw of \" pitch, or 4 threads to the inch. Calculate the 
number of teeth in the change wheel to be fixed to the end of tho 
guiding or leading screw in order to cut a screw of 8 threads to 
the inch when the driver on the lathe-spindle has 40 teeth. 

Compare tho answer with the change-wheel table printed above the 
general view of the screw-cutting lathe, further on in this Lecture. 

Answer. — Here t c = 8 ; t g ~ 4 ; d = 40 ; and you are required 
to find/. 
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By above formula, 

h =/; or, ® = Z .•. / _ 8 x 4 ° = 80 teeth. 
t g d 4 4o 4 

By using the previous formula, we have p e = £" and jp„ *» J" 

...&-*; r,i=^.-./ ==l4^-^4o = 8o teeth. 

It is at once evident from this example that you avoid having to 
multiply and divide by sometimes awkward fractions if you 
consider the number of threads per inch as the measure of the 
pitch of the screw, instead of the distance between two threads. 

Example II. — The guiding screw of a lathe is £" pitch, and 
you are required to cut screws of T y and ^/' pitch respectively. 
Determine the number of teeth in the follower, given the use 
of a driver having 20 teeth. 

Answer. — For a screw of -fa" pitch, or 10 threads per inch, and 

using a driver of 20 teeth, we get by the above formula for a 

simple train, 

t e f 10 10 10 100 f 
_L=»4.; or, — = — x— = = ^- 

t g a 2 2 10 20 a 

For a screw of ■£$" pitch the number of threads per inch will be 
20, and using a driver of 20 teeth, we hud from the formula 
for a compound train — 



*c _ fx X ft 




t g d x x dj 
20 _ 4 x 5 _ 80 x 100 
2 1x2 20 x 40 


d t x d t 



Here we multiplied numerator and denominator by 20, in order to 
obtain suitable wheels, of which d l will have 20 teeth. (See in 
the previous figure the second of the end views showing change 
wheels.) 

Movable Headstock for a Common Lathe. — Before 
describing a complete screw-cutting lathe we will explain the use 
and construction of this part of a common small lathe for ordinary 
work. As will be seen from the accompanying rough sketch, it 
consists of a cast-iron poppet-head planed on its under eide, so as 
to engage the breadth of the top of the shears. It may be bolted 
thereto in any desired position (nlong the length of the bed) by 
an underneath iron plate placed, across the shears, and a single 
vertical bolt. The upper portion of the head is cylindrical, an^ 
is bored for about seven-eighths of its length to receive a round 
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hollow steel mandril, M, and for the remaining one-eighth to 
receive the spindle S. The mandril is fitted in front with a 
tapered centre, 0, and behind with a screw nut, N. The centre 
is for carrying one end of the job to be operated upon by the 
turning tool, and the nut is for engaging the screwed part of the 
spindle S. On the back end of the spindle there is a collar, c 
(kept in position by a larger collar or guard, G, with small screws), 
and a hand-wheel, HW.* Consequently, by turning this wheel in 
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Movable Headstock foe a Common Lathe. 



one direction the mandril and its centre are forced forward, and 
when moved in the opposite direction they are screwed backwards. 
To prevent the mandril turning round, it is fitted with a longi- 
tudinal slot on its underside, into which fits the flattened or 
rounded end of a small screw, 8. A fixing stud, FS, with a 
handle, enables the mandril to be clamped to the head when it 
has been adjusted by the hand wheel and screwed spindle. 

Description of a Screw-cutting Lathe. — By the favour of 
Messrs. John Lang <fe Sons we are enabled to give a generalview, 
with a complete set of reduced working drawings, carefully 
indexed to every detail, of the very strong and superior 6 -inch 
centre screw-cutting lathe, lately presented to the Author's Elec- 
trical Engineering Laboratory and Engineering Workshop by 
Mr. Andrew Stewart, of Messrs. A. & J. Stewart, and Clydesdale. 
This lathe weighs, with all its chucks and supernumerary parts, 
over 15 cwt. It has a bed 6 feet long, and admits a bar 3 feet 

* This arrangement of collar and guard is neither good nor strong, 
although frequently adopted in the case of small foot-lathes. The collar 
should be inside the bored head, behind the nut N. 
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2 inches between its centres. The bed is g\ inches broad and 
6\ inches deep. The gap is 9 inches wide and 6 inches deep ; 
consequently the lathe can swing a job of 20 inches diameter clear 
of the leading screw, and one of 24 inches diameter when this 
screw is withdrawn from its bearings. The speed-cone has three 
pulleys, each 2 J inchas broad, the diameter of the largest being 
8 inches and that of the smallest 4 inches. 

The makers have planed and scraped the bed to a true bearing 
surface, and have so fixed the gap piece that it cannot wear loose 
or spring the bed. 





End View. Longitudinal Section, 

Movable Headstock op Screw-cutting Lathe. 



BH represents Binding handle. 



Index to Parts. 


BP represents Bottom part. 


BHrej 


TP „ Top part. 


AS 


S „ Spindle, or mandril. 


ES 


SC „ Steel centre. 


EH 


SS „ Steel screw. 


B 


HW „ Hand wheel. 


P 
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Adjusting screw. 
Eccentric spindle. 
Eccentric handle. 
Bolt for clamping. 
Plate under B. 



The movable or loose headstock is gripped to the bed by an 
eccentric motion worked by a handle, so that it may be instantly 
clamped in position without the trouble of finding a key to fit 
the usual nut, and then screwing it gradually home. The upper 
part of this head, which carries the mandril or spindle, has a side 
adjustment by means of a side screw, whereby the steel centre 
may be truly aligned with the corresponding centre of the fast 
headstock, or it may be moved to the one side or to the other in 
the case of taper turning. A small oil-holder is cast on the back 
side of the head to facilitate the oiling of the steel centre without 
having to look for an oil-can. 
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The spindle of the fast headstock is made of hard crucible steel 
ground accurately cylindrical, where it fits into parallel gun- 
metal bearings. These bearings are of extra diameter and length. 
This spindle is bored hollow for 12 inches of its length, in order 
to admit small rods for making terminals and screws in electrical 
engineering work. The speed-cone is turned inside and outside, 
and properly balanced. A specially strong and simple reversing 
gear has been fitted to the back end of this headstock, whereby 
the machine-cut steel pinions for turning right and left hand 
screws may be put into or out of gear by simply depressing or 
elevating a reversing handle. The back-motion gear is actuated 
by means of a handle and eccentrics on each end of the back- 
motion shaft ; whilst the front wheel (or last follower, F 2 , as we 
have symbolled it in the formula) is locked to the cone or thrown 
out of gear therewith in the usual way — viz., by a bolt fitting 
into a sliding slot in the cone and a projecting nut on the side of 
the toothed wheel. 

The saddle has T slots on its upper side for the purpose of 
bolting work to it that requires boring out, and which necessitates 
the removal of the slide rest. A quick hand traverse motion is 
provided for the saddle by means of a rack and pinion motion, 
quite independent of the sliding motion of the leading screw. 
The leading screw is turned to the standard pitch of J inch, or 
four threads to the inch. The engaging nut is made in halves, 
so that it may grip the leading screw fairly at the top and bottom 
of the threads.* 

* In order to make the construction and action of the split nut which 
engages the leading screw 
clearer, we show here an en- 
larged view with the halves of 

the nut, N« >N, slightly 

apart, and the disc handle re- 
moved, so as to bring into 
full view the two eccentric 
slots, ES, which guide the two 
steel pins, P and P, fixed on 
N and N. By comparing this 
view with the others under 
heading "Saddle and Slide," 
the student will see how, by 
merely turning the disc handle 
DH the disc D is moved round 
through nearly a quarter of a 
circle, and the eccentric slots 
ES cause the pins, P, P, to 

move closer to or further away Enlabgbd View op Split Nut foe 
from the centre of the disc D, Leading Sceew, &c. 

and consequently move the 
two parts of the nut, N, N, in or out of gear wilh the leading screw. 
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A compound slide rest is fitted to the top of the saddle, having 
large bearing surfaces with adjustments for taking up the wear, 
and a swivel arrangement for conical boring. 

All the toothed wheels, including the change-wheels, have had 
their teeth cut directly from the solid casting, by the makers' 
special tool for that purpose, so that back-lash, and consequently 
noise and vibration arising from fast-speed driving may be mini- 
mised as far as possible. 

The driving shaft has anti-friction steel roller-bearings. It is 
connected to the foot-treadle at each end by a pulley, chain, and 
crank. The driving-cone is so stepped that the belt has equal 
tension on any corresponding pair of driving and driven pulleys. 
It is sufficiently heavy to act as a fly-wheel. It is balanced along 
with the treadle to secure an easy, steady drive. A power-drive 
may be applied if desired, but the author believes that, as students 
should work in pairs or in sets of three in a laboratory, they will 
take a deeper interest in their experiments if they have turned 
out everything by their own skill and labour, than if motive power 
were freely supplied to them. 

Of heavy chucks there are a very complete set, including a four- 
jaw expanding chuck, elements driver, drill chucks for both the 
fast and loose head spindles, <fec. 

The student should now go over each drawing most carefully 
by aid of the corresponding index to parts, and compare the 
drawings with an actual screw-cutting lathe. 
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Lecture XVI.— Questions. 

t. Sketch the fast headstock of a double-geared lathe, and explain the 
contrivance for increasing or diminishing the speed of the mandril. In 
the headstock of a lathe a pinion of 20 teeth drives a wheel of 60, and a 
second pinion of 20 drives another wheel of 60 ; compare the rates of rota- 
tion of the first driving pinion and of the mandril of the lathe. Ana. 1 : 9. 

2. Why is a lathe often back-geared ? Sketch a section through the 
headstock showing the arrangement. If the two wheels have 63 and 63 
teeth respectively, and each pinion has 25 teeth, find the redaction in the 
velocity ratio of the lathe spindle due to the back-gear. (S. and A. Exam. 
1 891.) Ana. 6.35 : 1. 

3. Make a vertical longitudinal section through the movable or loose 
headstock of a lathe, showing precisely the manner in which a screw and 
nut are applied to produce the necessary movement of the centre which 
supports the work. Name the materials of which the several parts are 
made. (S. and A. Exam. 1888.) 

4. What is the use of the guide-screw in a lathe ? Where is it usually 
placed ? Show by sketches the precise manner in which the slide rest is con- 
nected with or disengaged from the guide-screw. (S. and A. Exam. 1890.) 

5. Describe and show by sketches the means by which the slide rest of 
a lathe may be connected with the leading screw. If the slide rest tra- 
verses the bed at the rate of 1 J feet when the leading screw makes 56 revo- 
lutions, what is the pitch of the screw thread ? (S. and A. Exam. 1892.) 
Arts. £ inch. 

6. Sketch and describe the mechanism by which the saddle of a screw- 
cutting lathe can be made to travel automatically in either direction along 
the lathe bed while the speed pulleys run always in the same direction. 
(S. and A. Exam. 18^0.) 

7. How is the ikying principle applied in a screw-cutting lathe ? Describe 
a method of throwing a self-acting screw-cutting lathe in and out of gear, 
and of reversing it by means of a belt and overhead pulleys. (See Fig. 5 
in Lecture XI.) 

8. Explain the use of the quadrant for change wheels in a screw-cutting 
lathe by making a sketch showing it in its position on a lathe with the 
wheels in gear. (See the general and the end views of the 6" screw cutting- 
lathe bed, and index for the part marked CF.) 

9. Explain the mode in which change wheels are employed in a screw- 
cutting lathe. The leading screw being of }-inch pitch, arrange, on a 
sketch, the change wheels as required for cutting a screw of 15 threads to 
the inch, marking the numbers on each wheel. 

10. Sketch and describe the mechanism for cutting a screw with five 
threads to the inch in a lathe where the guide screw has three threads to 
the inch. Assign suitable numbers to the wheels which you would employ. 
(S. and A. Exam. 1889.) 

1 1. The leading screw of a lathe is J-mch pitch, and right-handed. Sketch 
and describe the arrangement whereby you would employ the lathe for 
cutting a screw of £-inch pitch, and left-handed. 

12. Describe the operation of cutting a screw in a lathe, showing the 
wheels required, and how they are placed to cut a right-handed screw with 
eight threads to the inch in a lathe whose leading screw is of J-inch pitch. 
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13. Explain the use of change wheels in a screw-cutting lathe. It is 
desired to cut a screw of {-inch pitch in a lathe with a leading screw of 
four threads to the inch, using four wheels. If both screws be right- 
handed, what wheels would you employ ? (S. and A. Exam. 1887.) 

14. The leading screw in a self-acting lathe has a pitch of £ inch ; show 
an arrangement of change wheels for cutting a screw of f -inch pitch. 

15. You are required to cut a left-handed screw of five threads to the 
inch in a lathe fitted with a right-handed guide-screw of J-inch pitch. 
Show clearly by the aid of sketches the change wheels which you would 
employ for the purpose, indicating how they would be respectively carried, 
and the number of teeth in each wheel. (3. and A. Exam. 1891.) 

16. What do you understand by a single geared, a double geared, and a 
treble geared lathe ? Give such sketches as will show clearly the arrange- 
ment of the headstock in each of these cases. (S. & A. Exam. 1895.) 

17. Given a screw-cutting lathe with a right-handed leading screw with 
4 threads per inch — sketch an arrangement for cutting a left-hand thread 
of 1 1 threads per inch. What gear wheels would be required ? (S. & A. 
Exam. 1894.) 

18. A driving shaft runs at 100 revolutions per minute, and carries a 
pulley 22 inches in diameter from which a belt communicates motion to a 
pulley 12 inches in diameter carried upon a counter-shaft. On the 
counter-shaft is also a cone pulley having steps, 8, 6, and 4 inches in 
diameter respectively, which gives motion to another cone pulley with 
corresponding steps on a lathe spindle. Sketch the arrangement in front 
and end elevation, and find the greatest and least speeds at which the 
lathe spindle can revolve. (S. & A. Exam. 1895.) 
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LECTURE XVII 

Contents. — Hydraulics — Definition of a Liquid— Axioms relating to a 
Liquid at Rest— Transmission of Pressure by Liquids — Pascal's Law 
— "Head" or Pressure of a Liquid at Different Depths — Total Pres- 
sure on a Horizontal Plane immersed in a Liquid — Lord Kelvin's 
Wire-testing Machine— Total Pressure on any Surface immersed in a 
Liquid — Examples I. II.— Questions. 

Hydraulics. — Hitherto the student's attention has been con- 
fined to solid bodies, which were supposed to remain perfectly 
rigid and unchanged when acted upon by forces. We shall now 
direct his consideration to the properties and applications of 
another great division of matter — viz., liquids — which possess the 
marked opposite character of mobility under the action of forces. 
In nature we do not meet with either perfectly solid or perfectly 
liquid bodies; and consequently the practical engineer, when 
applying the formulae of the physicist to his machines and 
hydraulic works, has to make certain allowances according to 
circumstances, with the aid of constants predetermined by experi- 
ence and experiment. 

The most common and the most useful liquid with which the 
engineer has to deal is that of water. Hence the term " hydraulic 
engineer," as applied to persons who direct and guide the action 
of waters, as in the case of the water supply for a town, or for 
navigation purposes, or for the transmission of force and power. 
The term hydraulics, therefore, comprehends hydrostatics, which 

is the science of liquids in equilibrium^ and hydro-kinetics, the 
science of liquids in motion. We shall only have space in this 
manual for an elementary inquiry into the former of these two 
divisions of hydraulics. 

Definition of a Liquid. — A liquid is a collection of particles 
which are perfectly movable about each other. In consequence of 
this property, a liquid requires some external force or resistance 
to keep its particles together, such as the sides of a vessel ; for its 
molecules can be displaced by tho smallest force, and are readily 
divided from each other in any direction.* 

* The late Prof. Clerk Maxwell distinguished solids from liquids in the 
following manner: — "Bodies which can sustain longitudinal pressure, 
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Axioms relating to a Liquid at Best. — It follows directly 
from the above definition, that when equilibrium exists — 

(i) f he free surface of a liquid at rest is horizontal ; 

{2) Any surface of a liquid at rest is everywhere perpendicular to 
the force ichich acts upon it ; 

(3) A liquid at rest acted on by a force presents a surface which 
is everywhere perpendicular to the direction of t/ie force ; 

(4) A surface sti-ppo-Hiiiy a liquid at rest reacts everywhere per- 
pendicularly to the pressure of the liquid ; 

{5) In all cases of pressure on or from liquids at rest, action and 
reaction are equal and opposite. 

If such were not the case, equilibrium could not exist, and 
motion of the liquid would take place. 

Transmission of Pressure by Liquids. — Take a tight vessel 
filled with a liquid and litted 
with four Motionless piston- valves, 
V„ V„ V„ V 4 , of the same area. 
Let the outward pressure on these 
valves be balanced by spiral 
springs, arranged so that they 
indicate the forces applied to 
them. Now apply an inward 
force of, say, 1 or 5 or 10 lbs. to 
the spiral spring of valve V,, then 
instantly the other three springs 
Transmission op Pressure of the other valves will register 
by Liquids. an outward pressure of the same 

{Horizontal Section.) amount as that applied. If the 

other valves had been of different areas from valve V„ their 
springs would have registered pressures corresponding with the 
ratio of their areas to the area of valve V,. Or the pressure per 
square inch on valve V, is communicated throughout the liquid 
to the other valves, and to every square inch of the internal sur- 
face of the vessel, with undiminished effect. 

Pascal's Law. — Fluids transmit pressure equally and in all 
directions.* In the case of solids pressure is only transmitted 

however email that pressure may be, without being supported by lateral 
pressure, are called anlida, and those which cannot are termed liquids." A 
perfect liquid is therefore one in which there is absolutely no resistance to a 
change of eliopr, although there may be practically an infinite resistance to 
change of volume. We say practically because, although liquids are more 
or less compressible to a very small extent, yet the amount is so small as 
to he. nrcrliiji'Dh; in (lie case of most engincerinp; problems. 

* Here the word fluid has been used instead of liquid, as being more 
general, since the term fluid includes both liquids and gases, Kefer to 
p. 2, Lecture I., for the distinction between a liquid and a gas, 
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along the line of its action, and therefore we have in this law an 
exemplification of the fundamental distinction between solids and 
fluids. In Lecture XIX. we will explain several machine? that 
depend upon the principle enunciated by Pascal's law for their 
action. 

Head or Pressure of a Liquid at Different Depths. — 
Imagine a very small horizontal area, a (for instance, a square 
inch), situated at a depth or height, h, inches from the free surface 
of a liquid, and that the vertical column from, a, to the surface 
becomes solidified without in any way disturbing equilibrium. It 
is evident that the horizontal and the vertical forces on the solid 
column must be separately in equilibrium, otherwise motion would 
ensue. But the only vertical forces are the weight of the column 
downward and the pressure of the surrounding liquid upwards 
on the base, a. Therefore, 

The pressure upwards = weight of the prism. 
Or, . • • p = haw. 

Where, to, is the weight of every inch of its height or the weight 
of a cubic inch of the column. But the area, a, and the weight, t#, 
are constant quantities for any particular unit of area and bind 
of liquid. Hence — 

Pressure varies directly as the depth from the free surface. 

Or, p oc h. 

The technical term " head " expresses the above fact in a single 
word. For, when speaking of the working pressure per square 
inch due to a supply of water for a mill wheel or turbine, we say 
it has i o or 20 or 30 feet of head, meaning thereby the pressure 
due to a difference of level of so many feet, from the free surface 
of the water as it enters the supply pipe to the free surface of 
the tail race or discharge pipe. Since every foot of " head " of 
water gives in round numbers a pressure of i lb. per square inch, 
we might have said that the pressure was 5 or 10 or 15 lbs 
respectively per square inch. Consequently, 

Pressure varies directly as the head. 

Total Pressure on a Horizontal Plane immersed in a 
Liquid. — Take a vessel of any shape having a horizontal base, 
and fill it with a liquid to any known height. Then from the 
above rule it follows that, 

/ height in inches Jrom base to sur- 

The Total Pressure on the base- . f"**™**.*" «• «I™? 

inches x weight of a cubic 

[ inch of the liquid. 

For, pressure per sq. in., p**haw f when, a» 1 square inch. 
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Consequently, if the total area of the horizontal plane be equal 
to, a, square inches, instead of i square inch. 

The Total Pressure = haw. 
This shows that the shape of tho vessel containing the liquid, and 
the total weight of water in the vessel, do not in any way affect the 
total pressure on the base. For, it depends solely on the difference of 
level between the base (or immersed plane) and the free surface, on 
the area immersed, and on the weight per unit volume or specific 
gravity of the liquid. 

This property results in what used to be termed the hydrostatic 
paradox, which is very well illustrated by Lord Kelvin's apparatus 
for testing the tensile strength and percentage elongation of the 
sheathing wires used for covering and protecting the insulated 
conductors of submarine cables. 

Lord Kelvin's Wire-testing Machine, or Hydrostatic 
Paradox. — W represents the wire to be tested, which is 
fixed to the clips Oj 0,. HB is a circular hydrostatic bellows, 

3' diameter, with india-rubber 
sides. WDj is the bottom wooden 
disc attached by bolts to an iron 
tripod T, which is connected at its 
centre to the clip C f ; while WD l is 
an upper wooden disc rigidly fixed 
to the wooden framing WF. H is 
a handle keyed to the screwed 
spindle S. HS is a hydrostatic 
scale, fixed behind the vertical glass 
tube which is fitted into a short 
brass cylinder passing through 
WD X and into HB. ES is the scale 
for measuring the percentage elon- 
gation. The upper end of this scale 
is fixed to the wire W, and the 
lower end is free. There is a clip 
pointer P which is affixed to 
each wire before testing it, and moved up or down until it is 
opposite to the zero of the scale ES. 

Method of Testing Wire by this Machine. — (i) Turn the handle 
H backwards until C- is as far down as it can get. (2) Fix wire 
in clips, and attach tne pointer P so as to be opposite the zero of 
scale ES. (3) Turn the handle H forward, thus lifting WD„ and 
stretching the wire, by forcing water up the glass tube in front of 
HS. This gives the necessary " head," h, or pressure due to the 
difference in level between the free surface in the glass tube and 
the bottom of the wooden base WB r The area in square inches 




Thomson's Hydbostatic 
wlbe-testing machine. 
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of this base gives, a, and hence the total pull on the wire is = haw. 
(4) Note the elongation by the scale E3, and the total tensile stress 
by the scale HS, at the moment the wire breaks. WD, falls upon 
stops, so as not to injure the india-rubber hydrostatic bellows 
HB. 

This machine was used in 1872-73 by the Author and others 
in testing all the sheathing wire for the Western and Brazilian 
Company's cables. The homogeneous wire gave an average of 
55 tons per square inch. 

In this machine we see that, owing to the quaqua vermis principle 
enunciated above a few pounds weight of water can produce a 
stress of many hundreds or even thousands of pounds by simply 
giving it "head," through a small tube in connection with an 
enlarged area. 

When the sides of a vessel taper towards the top, as in the case 
of a wine bottle, the liquid pressing vertically upwards upon them 
produces a reaction on the base, which makes up fpr the want of 
weight of liquid which would be naturally due to direct vertical 
pressure in the case of a cylindrical vessel. 

Total Pressure on any Surface immersed in a Liquid. 
— Let a surface of any shape be immersed in a liquid of any hind 
to any depth, as illustrated by the following figures. Then, by 
applying the previous proofs, and a property of the "centre of 




End Vibw. Side View. 

Pbessuke on ant Surface immersed in a Liquid. 

gravity " (which affirms that the mean, perpendicular distance from 

any plane, is equal to the distance from the e.g. of the surface to that 

plane), we find, that the total pressure on the immersed surface is 

represented by the following equation : 

P=HAW.' 

Where P = Pressure (total) in lbs. 

„ H = Height from e.g. to free surface in feet. - 
„ A = Area in square feet.* 
„ W = Weight of a cubic foot of the liquid.* 
* The student will observe that we have suddenly jumped from heights 
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=f^=^7^1 3 ft. 



Example I. — Find the total pressure on the bottom of a 
cubical tank having a bottom 4' x 4' and filled with water to a 
depth of 4'. 

Answer. — By the above formula — 

P = HAW. 

P = 4' x (4' x 4O x 62-5 lbs. = 4010 lbs. 

We may here remark that 6 2 4 lbs. is nearer the weight of a 

cubic foot of fresh water, and that a tank 
4' x 4' x 4' holds 400 gallons = 4000 lbs. =' 
1 '8 tons of fresh water. 

Example II. — A rectangular tank for 
holding water has a vertical side whose 
dimensions are 3 feet vertical by 4 feet 
horizontal. An open pipe is inserted into 
the cover of the tank, and water is poured 
in until the level in the pipe is 7 feet 
above the base of the tank. Find the 
pressure on the vertical side and the reduc- 
tion of pressure when the water in the 
pipe is allowed to sink i£ feet. (The 
weight of a cubic foot of water = 62.5 lbs.) 
(S. and A. Exam. 1890.) 

Answer. — In the first case, 

Height from e.g. of side to free surface = Hj = 5*5'. 

Area of this vertical side in sq. ft. = A = 3' x 4" = 1 2 sq. ft. 

Weight of a cubic foot of water = W = 62.5 lbs. 

By the above formula, 

The total pressure T t = Hj AW. 

.*. P, = 5.5'x 12 x 62.5 = 4125 lbs. 

In the second case, when the free surface is lowered by 1 £ ft., 
everything remains the same except the H, which is now reduced 
from Hj to H, = 4'. 

By the formula, 

P, = H,AW. 

••• P, = 4 x 12 x 62.5 = 3000 lbs. 

Consequently, the reduction in pressure is the difference between 
these pressures. 

Or (P t - P 2 ) = 4125 lbs. - 3000 lbs. =1125 lbs. 

In inches to those in feet, areas in square inches to those in square feet, 
and weights of cubio inches to those of cnbio feet. This is because the 
usual units of measurement in hydraulics are feet, square feet, and cubio 
feet, and because the weight of water is generally reckoned by 62*5 lbs. 
per cubic foot. 
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Lzctube XVII.— Question* 

1 . Define the terms liquid, hydro-statics, hydro-dynamics, and hydraulics. 

2. Give the chief properties of a liquid, stating wherein it differs from a 
solid and a gas. 

3. Describe and illustrate any experiment, other than the one referred to 
in this Lecture, to prove the law of transmission of pressure by liquids. 
State Pascal's law. 

4. Describe the nature of fluid pressure. A mass of stone when in water 
appears to be lighter than when it is situated in the open air. Will you 
explain the cause of this fact, and state the difference of weight per cubio 
foot of water displaced i 

5. What is meant by " head" in relation to water supplies for developing 
power ? Give an example. 

6. Explain how the pressure on the base of a vessel depends solely upon 
the area of the base and its depth from the free surface. Illustrate your 
remarks by showing a series of connected vessels of very different shapes, 
but with each of their bases of the same size and on the same level, and 
filled with water to the same height. 

7. Sketch and describe Sir Wm. Thomson's wire-testing machine, and 
explain how such a great force is obtained thereby from such a small 
quantity of water. 

8. How is the pressure of water on a given area ascertained T A tank, 
in the form of a cubical box, whose sides are vertical, holds 4 tons of water 
when quite full ; what is the pressure on its base, and what is the pressure 
on one of its sides ? Ant. 4 tons ; 2 tons. 

9. A water tank is 13 feet square and 4 feet 6 inches deep ; find the pres- 
sure upon one of the sides when the tank is full. Ant. 8226*56 lbs. 

10. State approximately the increase of pressure to which a diver would 
be exposed when working at a depth of 50 feet below the surface of fresh 
water. Ant. About 22 lbs. per square inch. 

1 1. In the vertical plane side of a tank holding water, there is a rectan- 
gular plate whose depth is 1 foot and breadth 2 feet, the upper edge being 
horizontal, and 8 feet below the surface of the water ; find the pressure on 
the plate. Ant. 1062*5 lbs. 

12. The base of a rectangular tank for holding water is a square, 16 
square feet in area. The sides of the tank are vertical, and it holds 250 
gallons of water when quite full. Find the depth of the tank and the 
pressures on each side and on the base when quite filled with water. 
(S. and A. Exam. 1888.) Ant. 2*5 feet ; 781*25 lbs. ; 2*500 lbs. 

13. A rectangular tank for holding water has a vertical side whose 
dimensions are 4 feet vertical by 5 feet horizontal. An open pipe is in- 
serted into the cover of the tank, and water is poured in until the level in 
the pipe is 10 feet above the base of the tank. Find the pressure on the 
vertical side and the reduction of pressure when the water in the pipe is 
allowed to sink 2 feet. Ant. 10,000 lbs. ; 2500 lbs. 

14. A gauge in a water pipe indicates a pressure of water equal to 40 lbs. 
on the square inch. What is the depth of the point below the free 
surface ? Sketch and explain the action of some form of gauge suitable 
for the above purpose. (S. and A. Exam. 1893.) Ant. 92*16 ft. 
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LECTURE XVIII. 

Contents.— Useful Data regarding Fresh and Salt Water — Examples 
I. II. III. IV. — Centre of Pressure — Immersion of Solids — Law c7 
Archimedes — Floating Bodies — Example V. — Atmospheric Pressure- - 
The Mercurial Barometer — Example VI. — Low Pressure and Vacuum. 
Water Gauges — Example VII. — The Siphon — Questions. 

Useful Data regarding Fresh and Salt Water. — We will 
commence this Lecture by giving some useful data regarding the 
weights, &c., of fresh and salt water, and then work out a few 
more examples for the pressures on immersed surfaces, finishing 
with the immersion of solids in fluids, &c. 

'Specific gravity * = i . 
i cubic foot weighs 62*5 lbs., or 1000 oz. 
1 gallon weighs 10 lbs., or 160 oz. 
1 ton occupies 35*84 cubic feet. 
1 atmosphere =14*7 lbs. per sq. in. = 29*92 in. 
mercury = 33*9 (say 34) ft. head of water. 

1 foot of head = -43 lb. onsq. in. 
1 lb. on the sq. in. = 2*308 ft. head. 
H.P. in a waterfall = cubic ft. per minute x 
head x 62*5 -r 33,000. 

I Specific gravity * = 1*026. 
i cubic foot weighs 64 lbs. 
1 gallon weighs io£ lbs. 
1 ton occupies 35 cubic ft., or 2i8j gallons. 

Example I. — A cubical box or tank 
with a closed lid, the length of a side of 
which is 4 feet, rests with its base hori- 
zontal, and an open vertical pipe enters 
one of its sides by an elbow. The tank 
is full of water, and the pipe contains 
water to the height of 1 foot above the 
top of the tank. What are the pres- 
sures of water on the top, bottom, and 
sides of the tank ? (Given the weight of 
a cubic foot of water = 62^ lbs.) (S. and 
A. Exam. 1887.) 

* Specific gravity is the ratio of the weight of a given bulk of a sub- 
stance, to the weight of the same bulk of pure water. 
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Answer. — (i) For the pressure on the top — 

The depth of e.g. of the top from free surface = H=: i'. 

••• Total pressure on top = HAW = i'x (4' x 4') x 62*5 Ibs.« 
1000 lbs. 

(2) For the pressure on the bottom — 

The depth of e.g. of the bottom from the free surface = H =* 5'. 

.*. Total pressure on bottom = HAW = 5' x (4' x 4') x 62*5 lbs. « 
5000 lbs. 

(3) For the pressure on each of the sides — 

The depth of e.g. of each side from the free surface = H = 3'. 

. • . Total pressure on each side = HAW = 3' x (4' x 4') x 62 5 lbs t 
= 3000 lbs. 

Example II. — A cylindrical vessel, 30 
inches long and 6 inches in diameter, is m@spd~r 
sunk vertically in water, so that the base, fk^pHpS | 
which is horizontal, is at a depth of 25 



(to 
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inches below the surface of the water. ^zjz~h 

Find the upward pressure in pounds on v£^zz 

the base of the vessel. The weight of a rirrZ: 

cubic foot of water is 62 £ lbs., and?r= £"-£~£z.-*=$ 
3*1416. (S. and A. Exam. 1889.) 

Answer. — The depth of e.g. of the base from the free surface 
is = H = — = 2^' = 2-083 feet. 



The area of the base = A = -d a = — x '5' x •5 / = «ic ; 6 sq. ft. 
The weight of a cubic foot = W = 62-5 lbs. 

• 

.*. The total pressure on base = HAW = 2*083 x ' l 9& x ^ 2# 5 — 
25*5 lbs. 

Example III. — A water tank, 8 feet long and 8 feet wide, with 
an inclined base, is 1 2 feet deep at the front and 6 feet deep at 
the back, and is filled with water. Find the pressure in lbs. on 
each of the four sides and on the base ; water weighing 62 J lbs. 
per cubic foot. 

Answer. — In answering a question of this kind the student 
will find it best to draw a figure representing the water tank and 
the positions of the centres of gravity of each side and of the base 
in the manner shown by the accompanying illustration. The only 
point that presents any difficulty is the e.g. of the side DEFC, 
and of the correspondingly opposite one. This might be done by 
first finding the e.g. of the D DEFH, viz., G, ; second, of the a 
HFC, viz., G 3 ; third, by joining these two points with a line G^Gj, 
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and taking a distance along it from G, towards G, inversely pro- 
portional to the areas of the a DEFH and the A HFC ; this 
would give a point G 6 the e.g. of the whole side = 4*6' from surface. 
But it will evidently he easier to treat the pressures on the a 
and a separately, and then to add them together in order to 
obtain the total pressure on the whole side DEFC. 




Showing Positions of the Centres of Gravity. 

G, represents centre of gravity of area ABGD 
G 2 „ „ i, DEFH 

G f „ „ „ HFO 

G 4 „ „ „ ENMF 

G 4 „ ,i ,1 BCFM. 

Let Hj, H„ <fcc, represent depths of G p G„ Ac. 

Then 1^ = ^0 = 6'; H, = pF = 3 '. 

G, is \ of HC below the line HF (see Lecture III., re position of 

e.g. of certain areas). 

••.H s «6 + $ = 8'; H 4 = iEF = 3 '. 

G fi is at a depth below the surface = the mean between the edges 

BO and FM of the base BCFM. 

.•.H 5 = £(DC + EF) = £(i2 + 6) = 9'. 

Total pressure on area — 

ABCD = H^W = 6' x (1 2' x 8') x 62-5 = 36,000 lbs. 
DEFH = HjA/W = 3' x (6' x8')x62-s = 9,000 lbs. 
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6' 
HFC = H 3 A,W = 8 / x(- / x8 ; )x62-5 =12000 lbs. 

z 

DEFC = DEFH + HFC = 9000 + 1 2000 = 21000 „ 

ENMF = H 4 A 4 W = 3 '-x(6' x8')x62«s = 9000 „ 
BOFM = H 5 A 5 W = 9 , x(io'x8 , jx62S =45000 „ 



Example IV. — A sluice gate 
is 4 feet broad and 6 feet deep, 
and the water rises to a height 
of 5 feet on one side and 2 
feet on the other side. Find 
the pressure in pounds on the 
gate. 

Answer. — The net pressure 
on the sluice gate is evidently 
equal to the difference of the 
pressures on the two sides. 

Total pressure on — 




*Nett Pressure on Sluice Gate. 



Back side = H^AjW = 2-5' x (4' x 5') x 62.5 = 3125 lbs. 
Front side = H,A,W = 1' x (4' x 2) x 62.5 = 500 „ 

Subtracting the front from the back) = 2 62B lbfl 
pressure we get the net pressure / 



Centre of Pressure. — In the case of a plane area immersed 
in a liquid, the " centre of pressure " is the point at which the re- 
sultant of all the pressures of the fluid acts. If the plane be 
horizontal, the resultant naturally acts at the centre of the figure, 
and therefore the centre of pressure agrees with the centre of 
gravity of the figure. In the case of a vertical rectangle, having 
one of its edges in the surface of liquid, like a dock-gate or a 
sluice, the centre of pressure will be at a point J of the depth from 
the free surface and at the middle of the breadth of the immersed 
portion. We will have to prove this in our Advanced Course, 
and perhaps refer to the position of the centre of pressure in 
other cases. 

Immersion of Solids. — Archimedes' Discovery. — If a solid 
be immersed in any fluid (whether liquid or gas), it displaces a 
quantity of that fluid equal to its own volume. This is evident 
from the principle of impenetrability — viz., " two bodies cannot 
occupy the same space at the same time" 

Hence we have a simple method of determining the volume of 
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any irregular body by plunging it into a liquid, and noting tho 
cubic contents of the liquid displaced, by letting it run into a 
measure of known capacity, such aa a graduated jar. This prin- 
ciple was first discovered by Archimedes, a philosopher of Syra- 
cuse, in the year 250 b.c. The story of this discovery is related 
by Vitruvius, who states that Hero, a king, sent a certain weight 
of gold to a goldsmith to be made into a crown. Suspecting that 
the workman had kept back part of the gold, he weighed the 
crown, but found that it was the same as the weight of the gold 
previously sent by him to the goldsmith. He was, however, not 
satisfied with this test, so he consulted Archimedes, and asked 
him whether he could find out if the crown was adulterated. 
Not long afterwards the philosopher, on going into his bath 
(which happened to be full of water), observed that a quantity of 
the water was displaced. He immediately conjectured that the 
water which ran over must be equal to the volume of the immersed 
part of his body. He was so overjoyed at the discovery that he 
jumped out of the bath and ran naked to the king, exclaiming, 
Eipi/iox '. tvprjxa 1 (I have discovered ! I have found out !) He then 
began to experiment with the crown by taking a quantity of pure 
gold of the same weight, and observed its displacement in water. 
Next he ascertained by the same process the volume of the same 
weight of silver, and finally the volume of the crown, which 
actually displaced more water than its equivalent weight of pure 
gold. In this interesting manner the fraud of the artificer was 
detected, to his great astonishment and chagrin, and a Law of 
Nature was discovered. 

Floating Bodies. — A body is said to float in a fluid when it is 
entirely supported by the fluid. In order that a body may float, 
the forces acting upon it must 
be in equilibrium. Now, as 
I may be seen from the case 

illustrated by the accom- 
panying figure, there are 
only two forces to be con- 
sidered — viz., the weight of 
j _ the body acting vertically 

^- -=z: —.= ^^— - downuxurds through its centre 

zjt-^^t ^t . _ , ^^-=- of gravity G,, and the pres- 

CoNnmoNS of Equilibrium ih the «ire of the fluid acting w- 
cahb op a Floating Body. tieally upwards through the 

centre of gravity G, of the 
displaced fluid. The horizontal pressures of the fluid on the 
body are in equilibrium by themselves, and simply tend to com- 
press it so that they do not affect the question. The upward 
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pressure of the fluid must be equal to the weight of the body, 
otherwise the body would rise or sink. 

Also, the weight of the body must be equal to the weight of 
the fluid displaced. This will be evident when we remember that 
the total upward pressure of the fluid on the surface ACB is 
equal to the weight of the fluid which formerly filled that space. 
But, since equilibrium still exists when the body is floating, it is 
clear that the weight of the body must also be equal to the 
weight of the fluid displaced. If the body be wholly immersed it 
will be pressed upwards with a force equal to the weight of the 
fluid which it displaces. Hence the statement known as the — 

Principle of Archimedes. — When a body is wholly or partially 
immersed in a fluid it is pressed vertically upwards by the fluid 
with ajorce equal to the weight of the fluid which it displaces and 
this force may be taken to act at the eg. of the displaced fluid. 

As a natural deduction from the above proof we conclude that 
a body cannot float in a liquid of less specific gravity than itself. 
A solid glass or metal ball will float in mercury, but not in water. 
If the specific gravity of a body be the same as that of a liquid, it 
will float totally submerged. If the body and the liquid are each 
incompressible, the body will float indifferently at any depth. If 
the body be incompressible, but be placed in a compressible fluid, 
such as air, the body will rise or fall until it finds a place where 
its mean specific gravity is the same as that of the displaced gas. 
This is exemplified by the case of a balloon filled with a gas lighter 
than air. It rises until it arrives at a height from the earth where 
the combined weight of the machine and the gas contained therein 
are equal to the weight of the 
same volume of air.* 

Example V. — A rectangular 
tank, 4 feet square, is filled 
with water to a height of 3 feet. 
A rectangular block of wood, 
weighing 125 lbs., and having 
a sectional area of 4 square feet, 
is placed in the tank, and floats 
with its sides vertical and with 
this section horizontal How 
much does the water rise in the 
tank, and what is now the 
pressure on one vertical side 
of the tank? (S. and A. Exam. 1892.) 

Answer. — Let AjB t be the original surface of the water in the 
tank before the block was immersed, A 2 B t the surface after 
immersion of the block. 

* We most leave the subject of metacentres, &&, to our Advanced 
Course. 
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Let V, = volume represented by A^CD. 
„ v t =3 „ „ „ A 8 B f CD. 

„ v=* „ of water displaced by block, 

represented by abed. 
„ x = amount by which the water rises in the tank 
when the block is immersed. 
Then clearly, V, = Y x + v. 
Or, V.-V,-*. 

Now Y s - V, = volume represented by A,B f B t A„ 

= cross sectional area of tank x x> 
= 4 9 xo5=i6aj cub. ft. 

.•. i6x = v or x = -- ft. 

16 

But, by the principle of Archimedes we know that 

The weight of water displaced by block = The weight of the block. 

•\ t?x62 J lbs. = 125 lbs. 

,\ v = -r-5- = 2 cub. ft. 

,\ a s =-7 = -^ = 4 ft. =14 inches. 

16 16 * 

Next, we have to find the pressure on one of the vertical sides 
of tlie tank. Here the depth of the centre of gravity of the area 
of the side subjected to pressure below the free surface of the 
water is 

H-iA 1 0=J( 3 ' + 4') = f|feet. 
.\ Total pressure on side = P = HAW 

...P = ?|x(4'x 3 J')x62jlbs. 
Or, ... P = 1220-7 lbs. 

Atmospheric Pressure. — Surrounding the earth's surface 
there is a deep belt of air, which gets rarer and lighter the 
higher we rise from the earth. If we consider the case of a com- 
plete vertical column of this air, we find that it produces an 
average pressure on the earth's surface of about 15 lbs. ; or, in 
other words, we say that the atmosphere produces an average 
pressure of 1 5 lbs. on the square inch, for we find that it will 
balance a vertical column of mercury of about 30 inches, or a 
vertical column of water of 34 feet. We do not experience any 
inconvenience from this normal pressure of the atmosphere, 
because we are so constituted as to be able to resist it. Should we, 
however, enter the closed compressed air-chamber of the under- 
ground workings of a railway tunnel (such as those in operation 



THE MEBCUBIAL BABOMETEB. 2C>5 

at the present time for the construction of the Glasgow Central 
Railway), or the caissons of a great bridge while they are being 
sunk las in the case of the Forth Bridge), or go down into the sea 
in a aiving-dress or diving-bell, then we do feel a most uncom- 
fortable sensation in our ears, eyes, <fec. Or, if we climb a very 
high mountain, or rise far into the air in a balloon, we have a some- 
what similar sensation, but due to an opposite effect — viz., a 
diminution from the normal pressure to which we are accustomed. 

The Mercurial Barometer. — The pressure of the atmosphere 
is usually measured by a mercurial barometer, which consists of 
a vertical tube of glass about 33 inches long, of uniform calibre, 
hermetically sealed at the top end, into which has been carefully 
introduced mercury freed from air. The lower end dips into an 
open dish containing a quantity of that liquid metal. Conse- 
quently the pressure of the atmosphere acting on the mercury in 
the open dish forces it up inside the tube to a height directly 
proportional to its pressure, since there is supposed to be a 
perfect vacuum between the upper surface of the mercury and 
the closed end of the glass tube. 

Example VI.— Suppose the height of mercury as registered by 
a mercurial barometer is 30 inches, and that the specific gravity 
of mercury be taken as 13*6, what would be the height in feet of 
a water column which would support the same atmospheric 
pressure? 

Answer. — 1 2 13-6 : : 30 inches : x 

•\ x = 30 x 13*6 = 408" = 34 feot. 

Low Pressure and Vacuum Water Gauges * — It is often 
necessary for the engineer to measure low pressures or vacuums of 
gases. For example, in the supply of illuminating gas to a 
town, or in the pressure of air feeding a boiler furnace by natural 
or forced draught, or the vacuum produced by a chimney- 
stalk; or, in the case of the vacuum in a coal mine produced 
by a furnace below the earth, or by a guibal fan situated 
near the upcast shaft, <fcc. In such cases, as well as in many 
others where low pressures have to be observed, the force is not 
reckoned by pounds per square inch, or by inches of mercury 
sustained in a vertical column, but by the number of inches of 
water which the pressure will support or which the vacuum will 
detract from the atmospheric pressure. 

The accompanying figure illustrates the apparatus usually 
employed in determining such low pressures. It consists of a 

* For a description of mercurial pressure and vacuum gauges, as well as 
Bourdon's high-pressure and vacuum gauges, refer to the Author's Elemen- 
tary and Advanced Books on " Steam and Steam Engines." 
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simple bent U glass tube with a scale between the vertical legs of 
the U, divided into inches and tenths of an inch, so that either 
the pressure or the vacuum may be read off in inches of water 
pressure, according as the forward pressure from the point of 
supply is positive or negative in respect to the pressure of the 
atmosphere. For example, let the leg of 
the U tube next the cock be connected 
to the gas pipe of a house, then the 
pressure of the gas supply acts on tbe 
water in the right-hand leg of the tube, 
and forces it downwards, whilst the 
water in the other leg rises correspond- 
ingly. The reading observed on the 
scale S, below or above the zero or 
equilibrium line, has of course to be 
doubled in order to ascertain the exact 
total pressure in inches of water. If 
the U tube be connected to a vacuum 
Gas Pbessubb Gauge. or negative pressure, then the water 
rises in the inner leg of the U tube, 
Index to Parts. owing to the greater pressure of the 

SC represents Steam or atmosphere on the outer limb, and the 
GT , gS.°,°S '"<*« »' ™t» "Panting the .mount 
S Scale. °* the vacuum are accordingly read off 

W „ Water. in the same way. For example, if the 

apparatus be connected to the base of 
a steam boiler chimney, or to the inlet of a gnihal fan creating 
a draught in a coal mine, then the suction produced forms a 
vacuum which requires the supply of atmospheric air, and con- 
sequently the air presses on the open water of the outer limb of 
the U tube, and forces it downwards. The vacuum is therefore 
observed and recorded by adding the inches of water below and 
above the zero line. 

Example VII.- — -A difference of level is observed of 4 inches 
between the outer and inner limbs of a U tube water-gauge. 
What is the pressure of tbe gas supply in lbs. per square inch ? 

Answer. — A vertical column of 34 feet of water corresponds to 
15 lbs. pressure on the square inch. Consequently, 
(34' x 12"} = 4":: 15 lbs.:* 
x ~ -— ■— =*-ior nearly | of alb. per 8q. in. 

The Siphon is simply a bent tube for withdrawing liquids 
from a higher to a lower level by aid of the atmospheric pressure: 
It is used in chemical laboratories and works for emptying acids 
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The Siphon. 



from carboys, in breweries and distilleries for extracting beer 
from vats and spirits from casks, in the crinal glass tube of 
Lord Kelvin's recorder for conveying ink from the ink-pot to 
the telegraph message-paper ; 
and on a large scale for draining 
low-lying districts, such as the 
fens of Lincolnshire. 

The conditions for the success- 
ful working of a siphon are, 
that — 

1. The liquid shall be carried 
by the outer limb of the tube to 
a lower level than the surface of the supply. 

2. The vertical height from the free surface of the liquid being 
drained to the top of the bend of the siphon shall not be greater 
than the height of the water barometer at the time— say only 30 feet 
— on account of the necessary deduction of 3 or 4 feet to be made 
from the full height of 34 feet, due to having to overcome the 
friction of the pipe. 

3. The end of the siphon dipping into the liquid to be drained, 
shall not become uncovered. 

To start the siphon, either the tube must be filled with liquid, 
the ends closed, and the siphon inverted, with the shorter limb 
under the fluid to be drained, before uncovering the ends ; or, 
whilst the end of the shorter limb is in the liquid a partial 
vacuum must be formed in the siphon tube by extracting the air 
from the end of tho longer leg. 

The principle upon w/iich the siphon acts is as follows :— 
A vacuum having been formed in the tube, the pressure of the 
atmosphere acting on the free surface of the liquid to bo drained, 
forces it up the shorter limb, and having turned the highest 
point of the f| the liquid descends the longer l imb by the action 
of gravity with a velocity proportional to the J difference of levels 
between the outlet and the free surface of the source of 
supply. The outflowing liquid is always acting as a water-tight 
piston at the bend of the f|, and in this way keeping up the vacuum 
there, until either the inlet and the outlet free surfaces come to a 
level (when the siphon stops for want of " head "), or, when the 
difference of level between the free surface of the supply and the 
top of the bend exceeds the height supportable by the atmosphere, 
when it stops for want of breath or atmospheric presses. 
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Lecture XVIII. —Questions. 

i. What are the respective specific gravities and the weights per cubic 
foot and per gallon of fresh and of salt water ? 

2. A cylindrical vessel, 120 inches long and 10 inches in diameter, is 
sunk vertically in water, so that the base, which is horizontal, is at a depth 
of 100 inches below the surface of the water. Find the upward pressure 
in pounds on the base of the vessel. Ans, 284*2 lbs. 

3. A cubical box or tank with a closed lid, the length of a side of which 
is 5 feet, rests with its base horizontal, and an open vertical pipe enters 
one of its sides by an elbow. The tank is full of fresh water, and the pipe 
contains water to the height of 10 feet above the top of the tank. What 
are the pressures of water on the top, bottom, and sides of the tank 1 
Ans, 15,625 lbs. ; 23,437.5 lbs. ; 19,531*25 lbs. 

4. A water tank id long, 10' wide, with an inclined base 10' deep at one 
end and 5' at the other end, is filled with fresh water. Find the pressure 
in pounds on each ot the four sides and on the base. Ans, 31,250 lbs. ; 
7,812-5 lbs. ; 18,229*16 lbs. ; 52,500 lbs. 

5. A lock gate is 12 feet wide, and the water rises to a height of 8 feet 
from the bottom of the gate. What pressure in pounds does it sustain ? 
The weight of a cubic foot of water is 624 lbs. Ans. 24,000 lbs. 

6. A vertical rectangular sluice gate, measuring 2 feet horizontal by 3 feet 
vertical, is immersed so that its upper side is 4 feet below the surface of the 
water pressing on it. Find the pressure on the gate : you are required to 
explain the reasoning on which your calculation is founded. (S. and A. 
Exam. 1891.) Ans. 2062*5 lbs. 

7. What is meant by the " centre of pressure " in the case of a plane 
Burface immersed in a liquid ? If the plane be a horizontal circle, where 
does the centre of pressure act ? If it be a vertical rectangle 10 feet wide 
and 6 feet deep, immersed in water so that the upper edge of the rectangle 
is flush with the surface of the water, where does the " centre of pressure " 
act ? Ans. at the centre of the circle ; 4 feet below surface of water. 

8. State the law discovered by Archimedes, and the conditions for a body 
in equilibrium floating in a liquid. A cylinder 10 feet long and 2 feet in 
diameter floats in fresh water, with 2 feet projecting from the surface ; find 
the weight of the cylinder. Ans. 1,571*42 lbs. 

9. A rectangular tank, 5 feet square, is filled with water to a height of 
7f feet. A rectangular block of wood, weighing 312-5 lbs., and having a sec- 
tional area of 5 square feet, is placed in the tank, and floats with its sides 
vertical and with its section horizontal. How much does the water rise 
in the tank, and what is now the pressure on one vertical side of the tank 1 
dins. 2*4 inches ; 9^7 V4 lbs. 

10. The mercurial barometer registers 31"; calculate the height of columns 
of fresh and of salt water that will balance the corresponding pressure. 

11. Sketch and describe a mercurial barometer. State how it is mado, 
and how it acts as a register of the pressure of the atmosphere. 

12. Describe some simple form of gauge which would enable you to 
measure the pressure at which gas is supplied, and explain the principle on 
which it is constructed. 

13. Sketch and explain the action of the siphon, and give a few practical 
examples of its use. Also state under what circumstances it fails to work. 
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14. The bottom of a water tank measures f in length and 3' 4" in width, 
When the tank contains 900 gallons of water, what will be the depth of 
the water, and what would be the pressure on the bottom, on each side 
and end of the tank respectively? One gallon of water weighs 10 lbs. 
One cubic foot weighs 623 lbs. (S. & A. Exam. 1897.) 

15. Draw the diagram of water pressure on the side of a tank with 
vertical sides, 12 feet high, and filled with water. Deduce the vertical 
depth of the centre of pressure below the top edge of the tank. (S. & A. 
Exam. 1894.) 

16. Name the chief physical properties of a liquid, and show in what 
respect a liquid differs from a gas and from a solid. How is the pressure 
of water on the vertical sides of a tank calculated ? 

A water tank is io' long, io' wide, and 10' deep. When it is filled with 
water, what will be the force with which the water acts on one side of tiio 
tank ? (S. & A. Exam. 1898.) 
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LECTURE XIX. 

Contents. — Hydraulic Machines — The Common Suction Pump— Example 
I. — The Plunger, or Single-acting Force Pump — Example II. — Force 
Pump with Air Vessel— Continuous-delivery Single-acting Force 
Pump without Air Vessel — Combined Plunger and Bucket Pump- 
Double-acting Force Pump— Example III. — Questions. 

Hydraulic Machines. — The Common Suction Pump consists 
of a bored cast-iron barrel PB, terminating in a suction pipe, SP, 
fitted with a perforated end or rose E-, which dips into the well 
from which the water is to be drawn. The object of the rose is 
to prevent leaves or other matter getting into the pump, that 
might clog and spoil the action of the valves. At the junction 
between the barrel and suction pipe there is fitted a suction valve 
SV, of the hinged clack type faced with leather. The piston or 
bucket B is worked up and down in the barrel of the pump by 
the force P, applied to the end of the handle H, being commu- 
nicated to it through the connecting link of the hinged piston- 
rod PH. In the centre and at the top of the bucket is fixed the 
clack delivery valve DV, which is also faced with leather in order 
to make it water-tight. The bucket is sometimes packed with 
leather ; but, as shown by the figure, a coil of tightly woven flax 
rope wrapped round the packing groove would be more suitable 
in the present instance. 

Action of the Station Pvmp. — (i) Let the barrel and the suc- 
tion pipe be filled with air down to the water-line, and let the 
bucket be at the end of the down stroke. Now raise the bucket 
to the end of the up-stroke by depressing the pump handle. This 
tends to create a vacuum below DV ; therefore the air which filled 
the suction pipe opens SV, expands, and fills the additional volume 
of the barrel. Consequently, according to Boyle's law, its pres- 
sure must be diminished in the inverse ratio to the enlargement 
of its volume.* This enables the pressure of the atmosphere 

* The student may refer to Lecture XII. of the Author's Elementary 
Manual on " Steam and the Steam Engine," for an explanation and demon- 
stration of Boyle's law ; where it is shown that if p=thc pressure of a 
gas and v=its volume, then at a uniform temperature pv=a constant, or 

p varies as jk 
* v 
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(which acts constantly on the surface of the water in the well) to 
force a certain quantity of water up the suction pipe, until the 
weight of this column of water and the pressure of the air 
(between it and the delivery valves) balance the pressure of the 
outside atmosphere. 



H represents Handle. 
P „ Push or pull ai 
V „ Fulcrum of H. 
?R „ Plunger rod. 
B „ Pomp barrel 
H „ Spout 



Com hom Suction Pump. 
Index to Paets. 

represents Suction pipe. 

„ Suction valve. 
„ Bucket or piston. 
„ Delivery valve. 



(2) In rrossing the bucket to the bottom of the barrel by 
elevating the handle, the suction valve closes and the delivery 
valve opens, thereby permitting the compressed air in the barrel 
to escape through the delivery valve into the atmosphere. 

(3) Raise and depress the piston several times so as to produce 
the above actions over again, and thus gradually diminish the 
volume of the air in the pump to a minimum. Then water will 
have been forced by the pressure of the atmosphere up the suction 
pipe and into the pump, if the bucket and the valves are tight, 
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and if the delivery valve when at the top of its stroke be not 
more than the height of the hydro-barometric column above the 
water line of the well.* 

(4) The bucket now works in water instead of in air. In faot, 
the machine passes from being an air-pump to be a water one. 
During the down-stroke water is forced through the delivery 
valve. During the up-stroke this water is ejected through the 
spout ; at the same time more water is forced up through suction 
pipe and valve to supply the place of the vacuum created by the 
receding piston. The water is therefore discharged only during 
the up-stroke in the case of the pump illustrated by the figure. 
Should it, however, be fitted with an air-tight piston-rod and pump 
cover, and should the pump handle be moved rapidly, more water 
will be taken into the barrel than can escape from the spout 
during the up-stroke. Consequently, the compression of the pent- 
up air between the surface of the water in the barrel and the 
cover, will cause the water to flow out in a more or less continuous 
stream during the down-stroke. In other words, the top cover 
and the portion of the pump above the spout may be converted 
into an air vessel, the precise action of which will be explained 
later on. 

Example I. — If the cross area of the bucket of a suction pump 
be 20 sq. in. and if water be raised 24 ft. from its surface in the 
well, what is the pull on the pump rod ? 

Answer. — The pull P on the pump rod is evidently equal to 
the weight of a column of water of height H = 24 ft., and the 
area of the bucket in sq. ft. = A = 20—144. Therefore, by the 
formula employed for the pressure of a liquid on a surface in 
Lectures XVII. and XVIII.— 

P = HAW, 

P=24'x — x 62-5 = 208 lbs. 

144 D 

The Plunger, or Single-acting Force Pump. — The upper 
or outer end of the barrel of this pump is provided with a stuffing- 
box and gland, through the air-tight packing of which the solid 
pump plunger works. 

During the up or outward stroke of the plunger a vacuum is 

* Theoretically, such a pump should be able to lift water from a depth 
of 34 feet below the highest part of the stroke of the delivery valve, but 
practically, owing to the imperfectly air-tight fitting of the piston and the 
valves, it is not used for withdrawing water from wells more than 20 to 25 
feet below this position of the delivery valve. In fact, such a pump fre- 
quently requires a bucket or two of water to be poured into it above the 
delivery valve in order to make it work at all, if it should have been left 
standing for some time without being worked. 
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created in the pump barrel, and consequently air is expanded 
into it from the suction pipe. This pipe is attached to the flange 
of the suction valve-bos. During the down or inward stroke 
the suction valve closes, and the pent-up air in the barrel is forced 
through the delivery valve. This action goes on precisely in the 
manner just explained in the case of the suction pump, until the 
water rises into the barrel. Then the inward stroke of the plunger 
drives water through the delivery valve to any desired height (or 
against any reasonable back pressure, as in the case of a feed 

■J 



Tub Plunger force Puhp. 

Index to Parts. 

8V represents Suction valve. I PB represents Pomp barrel. 

DV „ Delivery valve. PP „ Pump plnnger. 

Ch „ Checks for valves. SB end G „ Stuffing box 

I and gland. 

pump for a steam boiler) consistent with the strength of the pump 
and the power applied. 

The eye of the plunger may be attached to a connecting-rod 
actuated by a hand lever, as in the case of the suction pump, or it 
may be worked from one eccentric or crank revolved by a steam 
engine or other motor. 

By whichever way it is worked, the force applied to the plunger 
must be sufficient to overcome the friction between the plunger 
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and the packing, the resistance due to Bucking the water from the 
source of supply, and of driving the same up to the place where 
it is delivered: 

With this pump (as in the case of the suction pump), the water 
is only delivered daring one out of every two strokes of the 
plunger, and consequently, in an intermittent or pulsating fashion. 
In order to make the supply continuous we have to use one or 
other of the devices about to be described. 

Example II. — In a single-acting plunger force pump the cross 
area of the plunger is 10 sq. in., and its distance from the surface 
of the water in the well, when at the end of its outward or suction 
stroke, is 20 ft. During the inward stroke the water is pumped 
up to a height of 100 ft. above the end of the plunger. What 
forces are required to move the pump plunger during (1) an" out," 
and (2) an in-stroke (neglecting the forces to overcome friction). 

Answer.— (i)P, = H 1 AW= 20' x^x62s = 86-8 lbs. pulL 

(2)P, = H,AW=ioo'x — x 62-5 =434 lbs. pressure. 

Force Pump with Air Vessel. — In the following figure of 
a force pump the only points of difference worth noticing between 



Fobck Pump with Air Vessel. 
Index to Parts. 
SP represents Suction pipe. DV represents Delivery valve. 

SV „ Suction valve. S „ Stop for DV. 

B „ Barrel of pump. AV „ Air vessel. 

PB „ Plonger barrel. AC „ Air eocb. 

PR „ Plunger rod. DP „ Delivery pipe. 
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it and the previous one are : — (i) The plunger, instead of being 
solid, is a hollow trunk or barrel, with the connecting rod fixed 
to an eye-bolt at its lower end. 

(2) The suction and the delivery valves are both at one side, 
instead of being fixed on opposite sides of the pump. 

(3) There is an air vessel. 

Action of the Air Vessel. — During the inward or delivery stroke 
of the plunger, part of the water forced from the barrel goes up 
the delivery pipe, and the remainder enters the air vessel, and 
consequently compresses the air in AY. During the out- 
ward or non-delivery stroke of the plunger the compressed 
air in the air vessel presses the rest of the water into the delivery 
pipe. In this simple way a continuous flow of water is main- 
tained in the delivery pipe, and with far less shock, jar, and noise 
than in the previous case. Where very smooth working is re- 
quired, an air vessel is also put on to the suction side of the 
pump. Should the air in the air vessel become entirely absorbed 
by the water, the fact will be noticed at once, by the noise and 
the intermittent delivery. Then the pump should be stopped, 
the air cock AC opened, and the water run out. When the air 
vessel is full of air, the air cock should be shut and the pump 
started again. 

Continuous-delivery Pump without Air Vessel. — A 
fairly continuous delivery may be obtained by making the plunger 
of the piston form, and the pump rod exactly half its area, as 
shown by the accompanying figure. During the down stroke, 
half the water expelled by the piston from the under side of 
the pump barrel goes up the delivery pipe, and the other half 
is lodged above the piston, to be in turn sent up the delivery pipe 
during the up-stroke. Where very high pressures are required, 
such as in the filling of an accumulator ram, pumps working on 
this principle, but of the following form, are frequently used. 
The action is precisely the same as in the one just described, and 
the same index letters have been used, so that the student will 
have no difficulty in understanding the figure ; more especially 
as the directions of motion of the piston and of the ingoing and 
outflowing water have been marked by straight and feathered 
arrows respectively. Where sea or acid water is used it may be 
necessary to fit the pump barrel, FB, with a brass liner, L, to 
prevent corrosion. 

In accumulator and other kinds of high-pressure work it is not 
advisable to use air vessels, because you cannot prevent the water 
which enters the vessel absorbing air and carrying the same with 
it to the hydraulic machines, where its presence would be most 
objectionable, and because with, say, 750 to 1000 or more lbs. 
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Continuous- delivery Force Pump without Aib Vbssbl. 



Index to Partb. 


IP represents Jnlet pipe. 
8V „ Suction valve. 
CC „ Cover and check to 
SV. 

P „ Piston. 
PR „ Pump-rod. 


DV represents Delivery vulva. 
CO „ Cover and check to 

DV. 
DP „ Discharge pi[tc. 
SB „ Stuffing-box. 
Q „ Gland. 
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Al ased in Connection with the Armstrong Accumulator. 
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pressure per square inch, you would require a very large and very 
strong air vessel before it could be of any service. If a pressure 
of only 750 lbs. per square inch were used, then, since the normal 
pressure of the atmosphere is 15 lbs. per square inch, the air in 
the air vessel would be compressed to  7 ?^ r , or ^th of its original 
volume, in accordance with Boyle's law. Consequently, with an 
air vessel of 50 cubic feet internal capacity, there would be only 
1 cubic foot of air in it, when the pump was in full action. 

Combined Plunger and Bucket Pump. — We have already 
seen that a suction pump discharges water during the outward 
stroke, and that a plunger pump discharges water during the 
inward stroke; consequently, by combining these two kinds, we 
get a double-acting pump. By making the cross area of the 
plunger half that of the barrel, half the water raised by the 
bucket during the up-stroke goes into the delivery pipe, whilst 
the other half fills the space left by the receding plunger. During 
the down-stroke the plunger forces the latter half up the delivery 
pipe. We do not happen to have a figure with which to illus- 
trate these remarks, but if the student will first of all sketch a 
complete vertical section of a suction pump like that shown by 
the first figure in this lecture, and then draw a solid plunger, with 
stuffing-box and gland, like that in the second figure, in place of 
the pump rod and open cover in the suction pump, it will form a 
useful exercise in the designing of such a pump. 

Double-acting Force Pump. — The pumps which we have 
hitherto considered are all single-acting in this sense, that they 
do not both suck and discharge water during every stroke. This 
can, however, be accomplished by having two sets of suction and 
delivery valves placed at each end of the pump barrel, as shown 
by the accompanying figure. Then, during the outward stroke of 
the piston the pump draws water from the source of supply 
through the inlet pipe and suction valve SVj. At the same time 
the piston forces the water in front of it through the delivery 
valve DV f and outlet pipe. During the inward stroke, suction 
takes place through SV, and discharge through DV V all as 
clearly shown by arrows in the drawing. The valves are pro- 
vided with india-rubber cushions, IR, to ease the shock and mini- 
mise the jarring noise due to their reaction and natural reverbe- 
ration when they are suddenly opened and closed. 

Example III. — In a double-acting force pump the vertical 
height from the surface of the well to the point of delivery is 
100 feet. If the area of the piston equal 1 square foot, what is 
the stress on the piston-rod during each stroke ? 

Answer. — Here we need not distinguish between the force 
required during suction and delivery, for both actions take place 
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during each stroke. We have only to deal with the net fc 
required to elevate a column of water to a height of ioo feet. 



DOUBLB-ACTINa FOBCR PUMP.* 

Index to Piers. 
SV, SV, represent Suction valves. I B represents Barrel (liner). 
DV, DV, „ Delivery valves. J P „ Piston (solid). 
IR „ India-rubber PR „ Piston-rod. 

cushions. | 

Neglecting friction, the stress on the piston rod will therefore 
be the weight of a column of water of height ioo' and cross 
area ■- i sq. ft. 

• ■. P^HAW= ioo' xi'x 62-5 = 6250 lbs. pull and push. 
If 30 per cent, of the force applied be spent in overcoming 
friction, what will then be the stress on the pump-rod. Here 
6250 is only 70 per cent, of the whole stress, for 30 per cent, of 
the whole is lost force. 

.*. 70 : roo: :62501a; 

x = 6a 5° * 10 ° = 80286 lbs. pull and push. 

70 

• We are indebted for the above figure to Professor H. Robinson's book 
on " Hydraulic Machinery," published by Messrs. Charles Griffin it Co. 
Students should refer to Lecture XXIV. of the Author's Elementary 
Manual on " Steam and the Steam Engine " for detailed illustrations and 
description of the air and circulating pumps of the SS. " St Rognvald." 
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Lecture XIX.— Questions. 

1. Explain the manner in which the pressure of the atmosphere is made 
serviceable in the case of the common suction pump. Sketch and explain 
by an index the details of this pump. 

2. Describe, with a sketch, an ordinary suction or lifting pomp, and ex- 
plain its action. If the diameter of the bucket is 4"", and the spout is 20* 
above the free surface of the well, what is the tension on the pump-rod in 
the up-stroke ? Ans. 109 lbs. 

3. Sketch and describe a force pump, drawing a section so as to show 
the packing of the plunger and the construction of the valves. How is an 
air-vessel applied to such a pump ? Why is the air-vessel dispensed with 
when pumping water into an accumulator f (S. and A. Exam. 1890.) 

4. Explain the use of an air-vessel in connection with a force pump. 
Sketch a section through a double-acting force pump, showing the valves 
and the connection of the pump with the air-vessel, and explain the action 
of the pump. (S. and A. Exam. 1887.) Water is forced up to 100 feet 
above the air-vessel; what proportion of the volume of the air-vessel is 
occupied with water, and what is the pressure of the air therein ? Ans. 
74*6 per cent. ; 43-4 lbs. per sq. in. above the atmospheric pressure. 

5. The leverage to the end of the handle of a common force pump is five 
times that to the plunger, and the area of the plunger is 5 square inches ; 
what pressure at the end of the lever handle will produce a pressure of 
45 lbs. per square inch on the water within the barrel 1 Ans. 45 lbs. 

6. A force pump is used to raise water from a well to a tank. The 
piston has a diameter of 1*6", and is 20' above the free surface of the water 
in the well, and 40' below the mouth of the delivery pipe leading into the 
tank. Find the force required to work the pump — (1) Neglecting friction; 
(2) when 30% is spent in overcoming friction ; (a) when sucking, [b) when 
forcing, (c) what is the work put in and got out per double stroke of 6" ? 
Ans. (a) (1) 17-45 lbs - J ( 2 ) 24*93 lDS - 5 (&) (0 34*9 U> s - J (2) 49*86 lbs. ; (c) 
37*39 ft. -lbs. ; 26*17 ft. -lbs. 

7. What is the difference between a double-acting and a single-acting 
pump ? The area of the plunger of a force pump being 3 square inches, 
.find the pressure upon it when water is forced up to a height of 2o\ 
Ans. 26*04 lbs. 

8. Describe, with a sketch, some form of pump which will deliver half 
the contents of the barrel at each respective up-stroke and down-stroke of 
the pump-rod. Name the valves. (S. and A. Exam. 1892.) 

9. Sketch and describe a " double-acting force pump/* If the diameter 
of the piston be 12*, the stroke 3', the distance from pump to well 20*, 
from pump to position for delivering the water 40', and if the number of 
strokes per minute be 40, what is (1) the theoretical horse- power required 
to work the pump, (2) the actual, if 30 per cent, of the power be spent 
against friction. Ans, (1) 10-71 ; (2) 15-3. 

10. What is the difference between a single and a double acting pressure 
pump ? Sketch in section a double-acting force pump for working at high 
pressure, showing the arrangement of valves, and indicate of what material 
the several parts should be constructed. (S. and A. Exam. 1S93.) 

11. Sketch and describe the construction and action of some form of 
pump by which you could raise water from a well where the level of the 
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water is 45 feet below the surface of the ground. Explain fully where you 
would fix the pump, and give reasons for the arrangement which you 
propose to adopt. (S. & A. Exam. 1895.) 

12. Sketch in section and describe the action of the ordinary lifting 
pump. In such a pump the pump rod is | inch in diameter, and the pump 
barrel Is 5 Inches in diameter, while the spout at which the water is 
delivered is 20 feet above the surface of the pump bucket when the latter 
is at its lowest point ; what would be the maximum tension on the pump 
rod in the upstroke of the pump, neglecting the weight of the pump rod 
and the pump bucket (the weight of a cubic foot of water is 62*5 lbs.) ? 
(S. & A. Exam. 1896.) 
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LECTURE XX. 

CONTENTS. — Bramah's Hydraulic Press — Bramah's Leather Collar Pack- 
ing — Examples I. II. — Large Hydraulic Press for Flanging Boiler 
Plates — The Hydraulic Jack — Weem's Compound Screw and Hydraulic 
Jack — Example III. — The Hydraulic Bear or Portable Punching 
Machine — The Hydraulic Accumulator — Example IV. — Questions. 

Bramah's Hydraulic Press. — This useful machine was in- 
vented by Pascal, but he could not make the moving parts water- 
tight. Bramah, about the year 1 796, discovered a means by which 
this difficulty was effectually overcome ; and thus the instrument 
has been handed down to us under his name. As 'may be seen 
from the following figure, it consists of a single-acting force pump 
in connection with a strong cylinder containing a plunger or ram, 
which is forced outwards from the cylinder through a tight collar 
by the pressure of the water delivered into the cylinder from the 
force pump. 

From what was said in Lecture XIX. about force pumps, we 
need not particularise about this part of the machine, except to 
say that the suction and delivery valve boxes can be disconnected 
from the pump, and the valve cover-checks removed at any time 
for the purpose of examining the parts, or of legrinding the 
valves into their seats. The plunger extends through a stuffing- 
box and gland filled with hemp packing, and is guided by a cen- 
trally bored bracket bolted to the top flange of the pump. The 
lever fits through a slot in this guide-bar, whereby it has an easy 
free motion, when communicating the force applied through it to 
the pump plunger. The relief -valve RV has a loaded lever, ad- 
justed like the lever safety valve in Lecture IV., so as to rise and 
let the water escape when the pressure exceeds a certain amount. 
It may also be used for taking the pressure of the object under 
compression, or for lowering the ram R by simply lifting the 
little lever and pressing down the table T, when the water flows 
easily from the cylinder, and out of DP by the relief valve. The 
delivery pipe DP is made of solid drawn brass, and the ram 
cylinder is carefully rounded at the bottom end, instead of being 
flat, in order that it may be naturally of the strongest shape.* 

* In the case of large cylinders for very great pressures, the lower or 
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The guide pillars are securely bolted to the base B by nuts and 
iron washers, not shown. The cup leather packing CL deserves 
special attention, because it formed the chief improvement by 



+ 



Vertical Section op a Bbahah Hydraulic Press, 

Hade in the Engineering Workshop of The Glasgow Technical College. 

judex to Fasts.' 

DV represents Delivery valve. 
RV „ Belief valve. 
F ,', Fulcrum of L. DP „ Delivery pipe. 

B „ L's connection with RC „ Ram cylinder, 

plunger's guide- R „ Ram or plunger. 
rod. CL „ Cup leather packing. 

PP „ Pump plunger. T „ Top, table, or T piece. 

Q „ Reaction or stress W „ Weight lifted, or 

on plunger PP. total pressure on R. 

PB „ Pump barrel. CO „ Cross girder, 

IP „ Inlet pipe. GP „ Guide pillars, 

SV „ Suction valve. BB „ Base block. 

inner end of the cylinder should be carefully rounded off, both inside and 
outside. For, if left square, or nearly square, the crystals formed in 
the casting of the metal naturally arrange themselves whilst cooling in 
such a manner as to leave an initial stress, and consequent weakness, invit- 
ing fracture along the lines joining the inside to the outside corners 
of the cylinder end. The severe shocks and stresses to which this weak 
line of division is subjected during the working of the press would sooner 
or later force ont the end of the cylinder, in the shape of the frustrum of 
a cone, unless the cylinder had been made unnecessarily thick and strong 
at the bottom end. 



BRAMAH'S LEATHER COLLAR PACKING. 225 

Bramah on Pascal's press. It consists of a leather collar of f\ 
section, placed into a cavity turned out of the neck of the cylinder, 
and kept thereby the gland of the cylinder cover. The following 
figure shows an enlarged section of Bramah's packing suitable for 
a huge press, where the desired shape of the leather collar LO 
is maintained by an internal brass ring, BR, and an outside metal 
guard ring GR, resting on a bedding of hemp H. It will be 
observed at once, from an inspection of this figure, that the water 
which leaks past the easy fit between the plunger or ram R, and 
the cylinder O, presses one of the sharp edges of the leather collar 
against the ram, and the other edge against the side of the bored 
cavity in the neck of the cylinder, with a force directly propor- 
tional to the pressure of the water in the cylinder. By this simple 
automatic action, the greater the pressure in the cylinder the 
tighter does the leather collar grip the ram and bear on the 
cylinder's neck. 

Bramah's Leather Collar Packing. — This collar is made 
from a flat piece of new strong well-tanned leather, thoroughly 
soaked in water, and forced into a metal mould of the requisite 



Enlabged View op Bramah's Lbathek Collar fob a 
Bio Hydraulic Pbess. 

Index to Parts. 

R represents Ram. I BR represents Brass ring. 

C „ Cylinder. GR „ Guard ring. 

G „ Gland of C. H „ Hemp bedding:. 

LC „ Leather collar. | 

size and shape until it has assumed the form of a U collar. The 
central or disc portion of the leather is then cut out, and the <ir- 
cular edges are trimmed up sharp in the bevelled manner shewn 
by the above figure. p 
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Formula for the Pressure on the Bam of a Bramah Press. 

—Referring again to the first figure in this Lecture, it "will be 
found that by taking moments about the fulcrum at F, we obtain 
the pressure or reaction Q on the plunger of the force pump 
Therefore, neglecting weight of lever and friction, we get — 

PxAF-QxBF. .•. Q- ^ F 

Further, by Pascal's law for the transmission of pressure by liquids, 
enunciated in Lecture XVI L, we know that the statical pressure 
Q is transmitted with undiminished force to every corresponding 
area of the cross section of the ram. 

Or, . . Q : W : : area of plunger : area of ram, 

••. W x area of plunger = Q x area of ram. 

Wx7rr 2 = Qx7rR 9 

Where r = radius of plunger, and R= radius of ram, both in the same unic. 
Substituting the previous value for Q, and dividing each side of the equa- 
tion by t 9 we get — 

. w PxAF R* 

BF x r 3 

Since the radius of a circle is directly proportional to its diameter, we 
may write the formula thus, where D is the diameter of the ram and d the 
diameter of the plunger, both in the same unit — 

PxAF D^ 

W " BF x <P 

Example I. — In a small Bramah press, P = 50 lbs., AF = 20 in., 
BF= 2 in., area of plunger = 1 sq. in., whilst area of ram = 14 sq. 
in. Find W, neglecting friction and weight of lever* 

Answer. — By the above formula — 

w PxAF irB* 

W= -BF- X lr? 
SubBtituting 5oX2Q „„„ 

values, we get — W = ^ x — = 7000 lbs. 

2 1 

Example II. — In Bramah's original press at South Kensington 
the plunger is 3" in diameter, and it acts at a distance of 
6 inches from the fulcrum, which is at one end of a lever 10 feet 
3 inches long, carrying a loaded scale-pan at the other end. 
What should be the pressure of the water in the press in order to 
lift a weight of 3 cwt. in the scale-pan, neglecting the weight of 
the lever ? Make a diagram of the arrangement. (S. and A. 
Exam. 1892.) 
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Answer. — Here d= 3 in., consequently the area of the plunger 

=V = 7854X3' / X3 ,/ =7sq. in.; BF=6"; AF = 10' 3"= 123"; 

P = 3 cwt. = 3x112 = 33 6 lbs. ; and we have to find the pressure 
per sq. in. on the ram that will balance P, acting with the stated 
advantage, since the area of the ram is not given. 
By the above formula — 

w= PxAF x area of i sq. in. = 336xi2 3 ' x I sq. in. = 984 ^ 
BF area of plunger 6 ' 7 sq. in. 

Large Hydraulic Press for Flanging Boiler Plates, &c. — 
As an example of the practical application of the Bramah press 
to modern boiler-making, the accompanying illustration shows 
the form which it takes when worked by a high-pressure water 
supply derived from a central accumulator, which may at the same 
time be used to work cranes, punching, riveting, and other similar 
machine tools, in the same works. 

The operation of flanging, say the end tube-plates of the cylin- 
drical barrel of a locomotive boiler, is carried out in the following 
manner : — The ram It is lowered to near the bottom of the 
hydraulic cylinder HO, thus leaving room to place the boiler 
plate (which has been heated all round the outside edge) on the 
movable table T r High-pressure water is then admitted from 
the central accumulator to the auxiliary cylinders AC, thus forc- 
ing the side rams SR, SR, with their table T r and the plate P, 
vertically upwards, until the upper surface of the plate bears hard 
against the bearers B, B, or internal part of the dies. Water 
from the same source is now admitted into the hydraulic cylinder 
HC, which forces up the ram R, with its table T lf supporting 
columns SC, SO, and the external part of the dies D, D, until 
the latter has quietly and smoothly bent the hot edge of the 
plate round the curved corner of the internal bearer B, B. The 
ram R is now lowered, carrying with it the table T x and dies 
D, by letting out water from HO, and then the table T„ with 
the flanged plate, are lowered by letting out water from AC. The 
plate is removed from its table, allowed to cool, placed in position 
in the barrel of the boiler, marked oft* for the rivet holes, drilled 
and riveted in the usual manner. The student will now under- 
stand what a useful and powerful servant a hydraulic press is to 
the engineer in the hands of a skilful workman, for it can be 
made to do work in the manner indicated above in far less time, 
and with far greater certainty of uniformity and exactitude, than 
the boiler-smith could turn out, with any number of hammermen 
to help him. It is fast replacing, the steam-hammer for cressing 
work, and the steam or belt-driven punching and riveting 



LECTURE XX. 



Lakhs Hydraulic Pbbsh fob Flanging Boiler Plates." 

* The above figure is a reduced copy of one from Prof. Henry Robinson's 
hook on " Hvdraulic Machinery," published by Messrs. Charles Griffin & 
Co., bat it has been indexed according lo the Author's style of symbols, 
and described in an elementary manner. 
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Index to Parts. 

HC represents Hydraulic cylinder. 

R „ Ram of HC. 

0,0 ,, Columns supporting Y. 

Y „ Yoke or cross-head. 

BB „ Bearers of the internal die ring. 

P „ Plate to be flanged. 

DD „ Dished die or external die ring. 

80 „ Supporting columns lor DD. 

T, ,» T-piece or movable table for DD. 

T a „ T-piece or movable table for P. 

BR „ Side rams for TL 

AC „ Auxiliary cylinders. 

machines, the steam screw and wheel-gear worked cranes, screw 
and wheel-gear hoists, as well as the screw press for making up 
bales of goods mentioned in Lecture XV. For with it, you can 
bring to bear a force of a few pounds on the square inch or as 
many tons, by merely turning the handle of a small cock, and 
with a certainty of action unattainable by any other means. 

The Hydraulic Jack is a combined hydraulic press and force 
pump, arranged in such a compact form as to be readily portable, 
and applied to lifting heavy weights through short distances. 
It therefore effects the same objects as the screw-jack described 
in Lecture XV., but with less manual effort or greater mechanical 
advantage. 

The base on which the jack rests is continued upwards in the 
form of a cylindrical plunger, so as to constitute the ram of 
the hydraulic cylinder HC. Along one side of this ram there is 
cut a grooved parallel guide slot GS, into which fits a steel set 
pin, screwed through the centre of a nipple cast on the side of the 
cylinder (not shown in the drawings) for the purpose of guiding 
the latter up and down without allowing it to turn round. The 
top of the ram is then bolted with a water-tight cup leather CL, 
by means of a large washer and screw-bolt. 

The action of this cup leather is precisely the same as the 
leather collar in the cylinder of the Bramah press already de- 
scribed ; but it has only to be pressed by the water in one direction 
— viz., against the sides of the truly-bored cast-steel cylinder, 
instead of against both the ram and the cylinder neck, as in the 
previous case. The head H and upper portion of the machine is 
of square section, and is screwed on to the hydraulic cylinder in 
the manner shown by the figure. It contains a water reservoir 
WR, which may be filled or emptied through a small hole by 
taking out the screw-plug SP.* In the centre line of the head- 

* This screw plug SP is slackened back a little to let the air in or out 
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piece there is placed a small force pump, the lower end of which 
is screwed into the centre of the upper end of the hydraulic cylin- 
der. This pump is worked by the up-and-down movement of a 
handle placed on the squared outstanding end of the turned crank 
shaft CS. To the centre of the crank shaft there is fixed a crank 
0, which gears with a slot in the force-pump plunger P, and thus 
the motion of the handle is communicated to the pump plunger 
in a reduced amount, corresponding to the inverse ratio of the 
lengths of the handle and the crank from the fulcrum or 
centre of the crank shaft. By comparing the right-hand section 
of the water reservoir, and the section on the line AB, with the 
vertical left-hand section of the jack, it will be seen where the 
inlet and delivery valves IV and DV are situated. On raising 
the pump plunger P, water is drawn from WR into the lower 
end of the pump barrel through IV, and on depressing the 
plunger this water is forced through the delivery valve DV into 
the hydraulic cylinder, thus causing a pressure between the upper 
ends of the cylinder and the ram, and thereby forcing the cylinder, 
with its grooved head H, and footstep S, upwards, and elevating 
whatever load may have been placed thereon. Both the inlet and 
outlet valves are of the kind known as " mitre valves." They 
have a chamfer cut on one or more parts of their turned spindles, 
so as to let the water in and out along these channels. The valves 
are assisted in their closing action by small spiral springs SS, 
bearing in small cups or hollow centres, as shown more clearly in 
the case of DV by the enlarged section on AB. 

Weems' Compound Screw and Hydraulic Jack. — This is a 
jack combining some of the advantages of the ordinary screw-jack 
with those of the hydraulic one. It is often desirable to be able 
to bring the head or footstep into trial contact with the load 
before applying the water pressure. This can easily be done by 
turning the nut at the foot of the screw, cut on the ram of the 
jack. The arrangement will at once be understood from the 
figure. It will be observed that the load may also be lowered by 
turning this nut, or by the screw-tap which permits water to flow 
from the cylinder back into the cistern, as in the previous case. 
The bottom nut may be screwed hard up to the foot of the 
hydraulic cylinder, so as to sustain the whole load, and thus 
prevent overhauling through leakage of the water. 

When it is necessary to lower the load or the head of the jack, 

of the top of the water reservoir when working the jack. There is gene- 
rally another and separate screw plug opening (as will be seen by the 
following figure of Weems' patent jack) for filling or emptying the water 
reservoir, quite independent of the above-mentioned one, which is used in 
this case for both purposes. 



/alve or lowering screw, is 
as to permit the water to 
m the hydraulic cylinder 



nto the water reservoir, as 
7 shown by the drawing, 
may be done very gently by 
j giving this screw a very 
part of a complete turn; 
er words, by throttling the 
;e between the hydraulic 
ler and the water reservoir, 
may be done quickly by 
ig it through one or more 
itione. This passage can 
be closed by screwing the 
home on its seat. 
. Croydon Marks, in his 
on " Hydraulic Machinery," 
-ates and describes another 
ad of lowering the jack-head 
introduced by Mr. Butters, 
i Royal Arsenal, Woolwich), 
i, by a particular arrange- 
, the inlet and delivery valves 
cted upon by an extra de- 
ion of the handle, and conse- 
t movement of the pump 
;er. He also gives the main 
□sions, with a drawing, of 
an dard 4- ton pattern as used 
e British Government, where 
■am has a diameter D=a", 
pump plunger a diameter 
" ; and the ratio of the lever- 
f the handle to the crank is 
) 1. Therefore from the 
ous formula we find that, 
e Theoretical Advantage = 

W AF I) a 16 2 s 64 
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And he instances two trials by Mr. W. Anderson, the Inspector- 
general of Ordnance Factories, to determine the efficiency of those 
j icks, where, with a pressure on the end of the working handle of 
76 lbs., the theoretical load should have been 76 lbs. x theoretical 
advantage =76x64 = 4864 lbs., instead of which it was only 
3738 lbs.; 

. • 4854 lbs. 13738 lbs. : 100: x 






s\ 37"?8 x 100 , „ . 

Or, . . a = '^^ = 77% efficiency 

In a second trial, a load of 1064 lbs. required a pressure of 
22 lbs. on the handle, and consequently the efficiency at this 
lighter load, as might be expected, was less, or only 74 % . 

Example III. — With a hydraulic jack of the dimensions given 
above, and of 77 % efficiency, it is desired to lift a load of 
4 tons ; what force must be applied to the lever handle ? 

Answer. — By the previous theoretical formula, 

w P x AF D f 

W =* X Q 

BF £ 

. -p W x BF <J" 
"*" AF~ *& 

4 X 2240 XI I* m*~mm 

- - £ x -, = 140 lbs. 

l6 2 

But the efficiency of the machine is only 77%: consequently 
140 lbs. is 77 per cent, of the force required — 

.•. 77 : 100 :: 140 lbs. :<clbs. 

140 x 100 , _ _ ., 
x = -i = 18181 lbs. 

77 

The Hydraulic Bear, or Portable Punching Machine. — 
This is another very useful application of the hydraulic press and 
force pump. It is used in every iron or steel shipbuilding-yard 
and bridge-building works. By comparing the drawing with the 
index to parts, and taking into consideration the fact that its 
construction and action are so very similar to the hydraulic jack 
already described in full detail, we need pay nothing more than 
direct the student's attention to the action of the raising cam, 
and to the means by which the apparatus is lifted and suspended. 
In order to raise the punch for the admittance of a plate between 
it and the die D, the relief valve RV must first be turned back- 
wards, and the lever L depressed. This causes the corner of the 
raising cam E-C to force the hydraulic ram HR upwards, and the 
water from the hydraulic cylinder HO back into the water 
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r Wli. The relief valve may now be closed and the plate 
adjusted in position. Then the pump lever can be worked up 
and down until the punch P is forced through the plate, and the 
punching drops through the die D and the hole in the metal 
frame MF, on to the ground, or into a pail placed beneath to 
receive it. 



Side View and Section. End View and Section. 

The Hydbatjlio Bear, ob Portable Punching Machine. 



Index to Parts. 
PL represents Pomp lever. 
CS „ Grant shaft.  

C „ Crank. 

PP „ Pnmp plunger. 
WR „ Water reservoii 
IV „ Inlet valve. 
DV „ Delivery valve. 
RV „ Relief valve. 



HO represents Hydraulic cylinder. 

CL „ Cap leather. 
HR „ Hydraulic ram. 

RC „ Raising cam. 
L „ Lever for RC. 



Dier 
Metal frame. 



fran 



The whole bear is suspended by a chain (worked by a crane or 
other form of lifting tackle) attached to a shackle, whose bolt 
passes through a cross hole in the back of the metal frame MF, 
just above, but a little to the front of the centre of gravity of the 
machine. This hole and shackle are not shown in the drawing, 
but the student can easily understand that the hole would be 
bored a little above where the letters RC appear on the side view, 
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and that the chain would pass clear of the pump lever, since it 
works well to the right-hand side of the bear. 

The Hydraulic Accumulator. — The demand for hydraulic 
power to work elevators, cranes, swing bridges, dock gates, presses, 
punching and riveting machines, <fec, being of an intermittent 
nature — at one moment requiring a full water supply at the 
maximum pressure, and at another a medium quantity, whilst in 
many cases all the machines may. be idle — it is evident that if 
an engine with pumps were devoted to supplying this demand in 
a direct manner, the power thereof would have to be equal to the 
greatest requirements of the plant, and would have to instantly 
answer any and every call from the same. In the case of a low- 
pressure supply, as for lifts, this difficulty is best overcome by 
placing one tank in an elevated position at the top of the hotel or 
building where the lift is required, and another tank below the 
level of the lowest flat. Then a small gas engine working a two- 
or three-throw pump, or a Worthington duplex steam pump, may 
be used to elevate the water more or less continuously from the 
lower to the higher tank. The " head " of water in the elevated 
tank will, if sufficient, work the lift at the required speed, and 
the discharged water from the hydraulic cylinder will enter the 
lower tank, to be again sent round on the same cycle of operations. 
Should the lift be stopped for any considerable time, then a float 
in the upper tank, connected by a rope or chain with the shifting 
fork for the belt-driven pumps (in the case of the gas engine) 
will force the belt over on to the loose pulley, or shut off the steam 
from the Worthington pump. And when the water falls in the 
upper tank, the float will cause a reverse movement of the rope 
and shift the belt to the tight pulley, or open the steam valve, and 
so start the pumps. When the pressures required are great, such 
as for cranes, <kc., where 700 lbs. on the square inch is considered 
a very medium pressure, an elevated tank would be out of the 
question, for it would have to be fully 1600 feet high in order to 
exert this force and to overcome friction. Under these circum- 
stances recourse is had to a very simple and compact arrangement 
called an accumulator, of which a lecture diagram is herewith 
illustrated, without any details of cocks or valves, and automatic 
stopping and starting gear. A steam engine or other motor 
works a continuous delivery pump, of the combined piston and 
plunger type, without the aid of an air vessel, as illustrated by 
the fourth and fifth figures in Lecture XIX. The water from the 
pump enters the left-hand branch pipe leading into the foot of 
the accumulator cylinder, and forces up the accumulator ram with 
its cross head or top T piece, and the attached weight or dead 
load, until the ram has reached nearly to the end of its stroke. Then 
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the top of the T piece or & projecting bracket on the side of the 
wrought iron cylinder containing the dead load, engages with 
and lifts a small weight attached to a chain passing over a pulley 
fixed to the guide frame or to the wall of accumulator house. 
This chain is connected directly to the throttle valve of the steam 
engine supply pipe, or to the 
belt shifting gear (if the 
pump is driven by belt gear- 
ing), and being provided with 
a counter-weight, the motor 
and pump are automatically 
stopped by the raising of the 
weight and the chain in the 
accumulator bouse. Should 

4 the water which has been 
I forced into the accumulator 

*- cylinder be now used by a 

;§ crane or other machine, the 

5 load on the ram causes it to 
follow up and keep a constant 
pressure per square inch on 
the water. Tbe starting 
weight naturally falls as the 
receding T piece or bracket 
descends, thus pulling the 

from starting chain, and opening 

Pump the steam engine throttle 

valve, or shifting the belt 

from the loose to the fixed 

pulley, and again setting the 

pump to work. Should the 

AC for Accumulator cylinder. hydraulic machines be work- 

AP „ Accumulator plunger or ram. ing continuously, then the 

W „ Weight or load contained in an J8 k t ^ for the 

annular cylinder of wrought r , r . *. B .- ., 

iron and suspended from the water from » P BSses directly 

top of T-piece or crosshead. on to the machines, and only 

the surplus water finds its 

way into the accumulator cylinder if the pump's supply exceeds 

the demand of the machines for water. 

The annular cylinder of wrought iron is generally filled with 
scrap iron, iron slag, or sand, or other inexpensive weighty 
material. The accumulator cylinder AC has a stuffing-box and 
gland at its upper end. A coil of hemp woven into a firm rect- 
angular section and smeared with white lead is placed in the 
bottom of the stuffing-box. The gland is screwed down on tbe top 
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of this packing until the normal pressure of the water in the 
cylinder cannot leak past it. Cup leather packing is seldom used 
for this simple form of accumulator; just the ordinary packing 
that would be used for pump rods is found to answer all re- 
quirements. This is the simplest form of accumulator which 
we have described, but it requires the greatest load for a certain 
hydraulic pressure per square inch. There are several other forms 
of accumulators, and several most interesting appliances such as 
capstans, cranes, bridges, punching and riveting machines, <fcc, 
are worked by them, which we would have liked to have described 
here, but the limits of our space and the complexity of their 
construction necessitate our deferring this pleasure to our Ad- 
vanced Course. 

Example IV. — Describe and sketch in section a hydraulic 
accumulator, showing how the ram is kept tight in the cylinder. 
A hydraulic press, having a ram 16 inches in diameter, is in con- 
nection with an accumulator which has a ram 8 inches in diameter 
and is loaded wibh 50 tons of ballast ; what is the total pressure 
on the ram of the press ? (S. and A. Exam. 1892.) 

Answer. — The first part of the question is answered by the 
previous figure and by the text. 

By Pascal's Law the pressure per square inch in the accumulator 
is equal to the pressure per square inch in the hydraulic press. 
Consequently — 

Total Pressure on Press _ Cross Area of Press 
Total Load on Accumulator Cross Area of Accumulator 
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/* x 8 s 16 s 

/ 4 e, 9 



50 tons 4 / 4 £3 

_ 50 x 16 x 16 ^^ , 
8x8 
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Lbctubb XX.— Questions. 

1. Draw a section through a hydrostatic press, showing the cylinder, 
ram, and force pump, together with the valves. Why is the base of the 
cylinder of a large press rounded instead of being flat as in a steam 
cylinder ? If the diameter of the ram is 9 times that of the force pomp, 
and if Q be the pressure on the pump, what is the pressure exerted by the 
ram, neglecting friction ? Ans. 81 P. 

2. Explain by aid of a sketch the mode of packing the ram of a hydraulic 
press and explain how it acts. The force which actuates the force pump 
is applied at the end of a lever giving a mechanical advantage of 14 to 1, 
and the area of the plunger of the pump is 1 square inch. What pressure 
must be applied to the end of the lever to produce a pressure of 1 ton per 
square inch on the water enclosed in the press ? Ans. 160 lbs. 

3. In the force pump of a press the area of the plunger is J of a square 
inch, the distance from the fulcrum of the lever handle to the plunger is 
2 inches, and the distance from the fulcrum to the other end of the lever 
is 2 feet ; what pressure per square inch is exerted on the water under- 
neath the plunger, when a weight of 20 lbs. is hung at the end of the lever 
handle ? Ans. 720 lbs. per square inch. 

4. In what way do you estimate the theoretical advantage gained by the 
use of the hydraulic press ? In a small press the ram is 2 inches and the 
plunger J inch in diameter ; the length of the lever handle is 2 feet, and 
the distance from the fulcrum to the plunger is ij inches. Find the 
pressure exerted on the ram when 10 lbs. is hung at the end of the lever. 
Ans. 2560 lbs. 

5. In an hydraulic press with two pumps the plungers are 2& and 1 inch 
in diameter, and each is worked by a similar lever, which is acted on by 
the same force. When the larger pump alone is at work the pressure on 
the ram is 40 tons ; what will it be when the smaller plunger is only work- 
ing? Ans. 250 tons. 

6. An hydraulic press, which is used for making lead pipes, has a ram 
20 inches in diameter, while the ram which presses the lead is 5 inches in 
diameter. Find the pressure per bquare inch on the lead when the 
hydraulic gauge indicates 1 ton per square inch. Sketch a sectional 
elevation of the press, and show the packing of the hydraulic ram. 
(S. and A. Exam. 1891.) Ans. 16 tons. 

7. How is the pressure taken off the object under compression when 
required, in a hydraulic press ? Sketch the arrangement. What is the 
proportion of the diameters of the plunger and ram when the theoretical 
advantage gained thereby is 100 to 1, neglecting friction ? (S. and A. 
Exam. 1888.) Ans. 1 to 10. 

8. Make a rough sketch, and write a short description of the hydraulic 
lifting jack. It may be arranged on any system that you are acquainted 
with. Show clearly how the valves act and how the jack is lowered. 

9. Sketch and describe the hydraulic bear or portable punching machine. 
Explain how the punch is raised and how the tool is handled. 

10. Sketch and describe the construction of a vessel suitable for storing 
up a supply of water under pressure, and intended for actuating hydraulic 
machinery. If the plunger of this vessel be 17 inches in diameter, what 
load will bring the pressure of the water to 700 lbs. per square inch ? 
Arts. 158,950 lbs. 

11. Sketch and describe the hydraulic accumulator for storing up water 
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under pressure. If the ram of the accumulator be 6 inches in diameter, 
what load will be required to produce a water pressure of 500 lbs. on the 
square inch? To what head of water would this pressure correspond? 
(S. and A. Exam. 1887.) Ans. 14,142*8 lbs. and 1152 feet. 

12. An hydraulic accumulator, with a ram of 16 inches in diameter, is 
connected with an hydraulic press whose ram is 26 inches in diameter. 
The load on the accumulator is 80 tons; what force would the press 
exert? Make a vertical section through the accumulator, showing its 
construction. (S. and A. Exam. 1889.) Ans. 211*25 * on8 « 

13. Make a sectional sketch of a hydrostatic press suitable for giving 
a pressure of 100 tons, showing the valves and pump and by what con- 
trivance the leakage of water is prevented. 

The pump for such a press has a cylindrical plunger 1 inch in diameter 
with a lever of 10 to 1, what should be the least diameter of the ram 
which would give 100 tons pressure when a force of 56 lbs. was applied at 
the end of the pump lever? What form is most suitable for the base of 
the ram cylinder, and for what reason is a special form adopted ? (S. and 
A. Exam. 1893.) Ans. 20 inches. 

14. An hydraulic accumulator has a loaded plunger of 12 inches 
diameter, and the lift of the same is 8 feet. Sketch the arrangement. 
What load, in tons, will give a pressure of 700 lbs. per square inch in the 
water passing from the accumulator to the hydraulic cranes? What 
amount of energy may be stored up in such an accumulator ? How is a 
continuous supply of air under pressure provided for in a forge bellows ? 
(S. & A. Exam. 1895.) 

15. An accumulator is to work at 700 lbs. per square inch, the ram is 
io" diameter, what must be the total load? If the lift is 8', what is the 
total store of energy when the weight is up ? What is the total store of 
pressure water, that is, the extra amount due to the ram being up. Sketch 
the leather packing of an hydraulic press, (S. & A. Exam, 1897.) 
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Contents. — Motion and Velocity — Uniform, Variable, Linear, and Angular 
Velocity — Unit of Velocity — Acceleration — Unit of Acceleration — 
Acceleration due to Gravity — Graphic Representation of Velocities — 
Composition and Resolution of Velocities — Newton's Laws of Motion 
— Formulae for Falling Bodies — Formulas for Linear Velocity — with 
Uniform Acceleration — Centrifugal Force due to Motion in a Circle - 
Experiments L II. III. — Example I. — Balancing High-speed Machinery 
— Centrifugal Stress in the Arms of a Fly-wheel — Example II."— 
Energy — Potential Energy — Kinetic Energy — Accumulated Work- 
Accumulated Work in a Rotating Body — The Fly-wheel — Radius of 
Gyration — Example III. — The Fly Press— Example IV. — Momentum 
— Examples V. VI. and VII.— Questions. 

Motion and Velocity. — (i) Motion is the opposite of rest> for 
it signifies change of position. 

(2) Velocity is the rate at which a body moves, or rate of 
motion. It is considered absolute when it is measured from some 
fixed point, and relative if it refers to another body in motion at 
the same time. 

(3) Uniform Velocity takes place when the rate of motion does 
not change — i.e., when the body moves over equal distances in 
equal times. 

(4) Variable Velocity takes place when the rate of motion 
changes — i.e. y when a body moves with either a constantly in- 
creasing or decreasing velocity. For example, a stone pitched 
into the air rises with a gradually decreasing velocity, but falls 
with a gradually increasing rate of motion. 

(5) The Unit of Velocity is the velocity of a body which moves 
through unit distance in unit time. The British unit of velocity 
is therefore 1 foot in 1 second. In physical problems velocity is 
generally expressed in feet per second, but for convenience the 
engineer reckons the piston speed of engines in feet per minute, 
and the public speak of the speed of a man walking, of a horse 
trotting, or of a train, in miles per hour. 

(6) Linear Velocity is the rate of motion in a straight line, and 
is measured, as we have just stated, in feet per second or per 
minute, or in miles per hour. 

If v = the velocity ; I = the distance ; and t « the time— 

I I 

Then v = -; or I = vt ; or t = -. 

t m 
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(7) Angular Velocity is the rate at which a body describes an 
angle about a given point — for example, the number of revolu- 
tions per minute of a pulley ; but angular velocity may also be 
measured by the feet per second or per minute which a point at 
a known distance from the centre of motion moves. 

(8) Acceleration. — In the case of variable velocity, the rate of 
change of the velocity is termed the acceleration, and may be either 
positive or negative — i.e., it may be an increasing or a decreasing 
rate. 

(9) The Unit of Acceleration is that acceleration which imparts 
unit change of velocity to a body in unit time ; or in this country 
it is an acceleration of 1 foot per second in one second. 

(10) The Acceleration due to Gravity is considerably greater 
than the above unit, and varies at different places on the earth's 
surface. At Greenwich it is 32*2 feet per second in one second. 
In Elementary Applied Mechanics questions we will indicate it by 
the symbol g, and consider g = 32 feet per second in one second. 

Graphic Representation of Velocities. — The linear velocity 
of a point (such as the e.g. of a body) may be represented in the 
same way as we have hitherto represented a force. A line drawn 
from a point with an arrow-head indicates the direction of motion, 
and the length of the line to scale the magnitude of the velocity. 
(See p. 3, Lecture I.) 

Composition and Resolution of Velocities. — Velocities 
may be compounded and resolved in exactly the same way as we 
treated forces by the parallelogram and triangle of forces, <tc, 
in Lecture VIII. 

Newton's Laws of Motion. — I. A body in motion, and not 
acted on by any external force, will continue to move in a straight 
line and with uniform velocity. 

II. When a force acts upon a body in motion, the change produced 
in the quantity of motion is the same, both in magnitude and 
direction, as if the force acted on the body at rest. 

The change in the quantity of motion is therefore proportional to 
the force applied, and takes place in tJie direction of that force.* 

III. If two bodies mutually act upon each other, the quantities of 
motion developed in each in the same time are equal arid opposite. 

Or, Action and reaction are equal and opposite. 

These three laws were first stated clearly by Sir Isaac Newton 
as the result of inductive reasoning. Having observed certain 
facts, he set about investigating what would be the consequence 
if his conjecturos as to these facts were applied to particular 

* Here •' quantity of motion " means " momentum," or mass x velocity. 
• * • Quantity of motion or momentum =Wv/g. ^ 
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cases. Finding that his estimate of the probable result came 
true, he formulated a general law in accordance with his observa- 
tions and reasonings. 

The student has already conceived the truth of the first and 
third laws in the reasonings and applications of force to matter, 
treated of in the previous Lectures. We will now give in as 
brief a form as possible the formulae for falling bodies, because 
they naturally lead on to the formulae for " centrifugal forez " on 
a rotating body, and to the " energy stored " up in a moving body, 
both of which are of great interest and importance to the young 
engineer. The experimental and algebraical proofs of these 
formulae are given in Elementary Manuals on Theoretical 
Mechanics, and we must either assume that the student has 
studied these, or ask him to assume their truth in the meantime. 

Formulae for Falling Bodies. — If a body falls freely in vacuo 
under the action of gravity from rest through a height h feet ; 
then (since gravity produces a constant acceleration in the velocity 
of the body) at the end of each successive second the velocity of 
the body will be increased by g, or 32 feet. Let v be the velocity 
of the body at the end of t seconds, 

Then, • • v**gt; butt^— 2gh 
... . . k-±-& -fe* 

J2gh _ /2K 

9 9 V 9 

TPormul© for Linear Velocity with Uniform Accelera- 
tion. -Suppose that instead of the uniform accelerating force of 
gravity we have any other constant force of F lbs. acting on a 
body, and if this force moves the body through a distance of I feet 
along a perfectly smooth horizontal plane, the above formula? 
naturally become* — 

Then, . . v=*at; but v 2 — 2a* 7 

... . . i=*= a 2. -k 

2a 2a 



And, . . l-f -^2*- A /E 

9 9 V g 



And, . . «-2 -■££./£? 

a a \ a 



* We intentionally use the letter I for length or distance, and a for 
acceleration. Most writers use the word " space " for distance and the 
symbol 0; but space is of three dimensions, and involves the idea of 
volume. It cannot therefore be, strictly speaking, used to represent dis- 
tance or length, which is only of one dimension. The letter /is also often 
used for acceleration ; but / naturally represents a force, so we prefer to 
use, a, for acceleration, in order to be consistent with our notation. 
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Centrifugal force due to Motion in a Circle. — Experi- 
ment I. — When a body — such as a stone — is attached to a cord 
and whirled round and round in a circle, the hand experiences a 
pull in the direction of the string, which is in tension under 
the action of a force, and the faster the body is moved the 
greater becomes the stress in the string, just as David of old 
must have felt it before he let go that pebble from his sling which 
went so straight for Goliath's brow. The stone is constantly 
tending to fly off at a tangent, and is only kept moving in the 
circular path by the reaction pulling it towards the centre of 
motion. The pull from, the centre of motion is called the centri- 
fugal or cent/re-flying force, and the exactly equal and opposite 
reaction is termed the centripetal or centre-seeking force. It may 
be proved by geometry that each of these forces is equal to 




Experiencing the Effect of Centrifugal Force. 

the weight of the body x the square of the velocity -s- the 
acceleration due to gravity x the radius of the circle described 
by the body.* 

Or, P - "^rlbs. 

Where P *= Pull on the cord, or the centrifugal force in lbs* 
M W = Weight of the body in lbs. 
„ v = velocity of the body in feet per second, 
i» 9 = gravity's acceleration = 32' per second in one second, 
„ r = radius from centre of motion to eg. of body in feet. 

* At present the ftudent must accept the above formula as correct. 
We sLiall have occasion to deduce the formula by aid of geometry in the 
Advanced Course. (See Vol* II., Lectures xxii. and xxiii.) 
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Experiment II. — Take a pail and half fill it with water. 
Attach a rope to the centre of the handle, and swing it round 
and round your head. The water does not fall out, even if you 
swing it in a vertical plane, if the velocity be sufficient to cause 
the centrifugal force to be greater than the force of gravity. 

Example E. — A small tin pail, containing i lb. of water, with a 
rope attached to its handle, is to be whirled in a vertical circle. 
If the distance from the hand or centre of motion, to the surface 
of the water be 2 feet, what is the least number of revolutions 
per minute that you can give it in order not to spill any of the 
water? 

Answer. — Hero P must be at least equal to 1? lb., for W = 1 lb. 
and r == 2 feet, whilst g = 32. 
By the formula — 

P = ^ 2 

(F 

• «_ /Pxtfxr /i x 32 x 2 .. ... , 

• • * ~ w — r^ — = . / — = ^64 = 8 ft.per second. 

Or, v --= S x 60 = 480 ft. per minute. 

How a circle of 2 feet radius = 1256 feet circumference. 
480 
.*. I2 .g^ = 38'2 revolutions per minute. 

Consequently, if you whirl the pail at 40 revolutions per 
minute, there will be no fear of any water coming out of it even 
when it is upside down at the highest part of the circle. 

Experiment III. — Turn a disc of wood with a small barrel on 
one side of the centre. Fit the wheel and the barrel so truly 
with a turned axle that when the axle is supported by eye hooks 
at each end for bearings, a cord wound round the barrel and 
then pulled sharply, will cause the wheel to revolve freely at a 
high speed without vibration or oscillation. Now bore a hole 
through the disc near its circumference, and run in molten lead 
into this hole. Again spin the wheel rapidly, when it will be 
found to hobble to such an extent as to shake itself almost out 
of the bearings. 

The centrifugal force due to the unbalanced piece of lead 
asserts itself so thoroughly that when it reaches the highest 
position of its revolution round the axis, it overcomes gravity, and 
lifts the whole wheel and barrel clean out of the bearings. It 
thereby creates such a disturbance as to leave a distinct impres- 
sion on the mind of the student. 

Next bore another hole through the disc of the same size as the 
former one, and at the same distance from the axle, but diametri- 
cally opposite to the front hole, and run in the same weight of 
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lead into it. Again spin the wheel, and it will be found to run 
smoothly. 

This experiment conveys to the young engineer a most useful 
lesson, for it not only shows him the effect of centrifugal force 
due to want of balance, but it also gives him an idea how to rectify 
the evil. 

Balancing High-speed Machinery. — All high-speed machi- 
nery, whether revolving or reciprocating, should as far as possible 
be most carefully balanced, in order to prevent centrifugal force 
coming into play and creating that horrid vibration and noise 
with which it is always more or less accompanied. There is 
nothing tends so much to the heating of bearings, and to the quick 
wearing out of brasses and other bearing surfaces as unbalanced 
moving parts ; besides which, at very high velocities they become 
actually dangerous, and have frequently been known to cause 
destruction to life and property.* 

Centrifugal Stress in the Arms of a Ply-Wheel. — If the 
arms of a fly-wheel or pulley are not properly proportioned to 
resist the centrifugal force due to the mass of the revolving rim ; 
or, if the casting has been carelessly cooled, so as to set up internal 
stresses between the arms and the boss or the rim, the wheel may 
give way. In fact, there is no fly-wheel or pulley made that would 
not burst, under the very great stress of centrifugal force, if you 
only ran it fast enough. The student will observe from the 
formula that the centrifugal force or stress in the arms of a fly- 
wheel is directly proportional to the square of the velocity, so 
that by merely doubling the number of revolutions per minuto 
you quadruple the stress in the arms, and if the speed be increased 
three times, the stress becomes nine times as great. 

Example II. — Each segment of a fly-wheel, with its correspond- 
ing arm to which it is attached, weighs 1000 lbs., and the mass 
may be taken as collected at a distance of 4 ft. from the axis of 
the wheel. If each arm has a breaking stress of 100,000 lbs., 
what is the maximum number of revolutions per minute that the 
fly-wheel could be run at without breaking the arms, neglecting 
the binding strength of the rim of the wheel ? 

Answer. — By the previous formula for centrifugal force — 

gr 
IOOO X 0* 

100,000 = ,\ -w 2 =i2,8o Q 

32 x 4 

* See Mr. Laidlaw's paper and the discussion on the " Balancing of 
High-speed Machinery," in the Transactions of the Institution of 
Engineers and Shipbuilders of Scotland for Session 1890-91. 



Z4t6 LECTURE XXI. 



•••v « 113 ft. per second, fully. 
Or, v ss 113 x 60 = 6780 ft. per minute. 
Now, the circumference of a circle of 4' radius = 25 ft. 

. 6 7 8 ° 



• • 



= 271 revolutions per minute. 



Energy. — In applied mechanics energy means the capability 
of doing work.* 

Potential Energy is that form 0/ energy which a body possesses 
in virtue of its position or its condition. For example, when a 
body of 10 lbs. is lifted 10 ft. high, it has a potential energy of 
100 ft.-lbs. ; for it takes that amount of work to lift the 10 lbs. 
through the 10 ft. ; and if then allowed to fall, it would naturally 
give out the same quantity of work, either in overcoming friction, 
or, if it fell freely, it could be usefully employed to that amount 
and no more. 

Potential energy may also be due to a condition of a body, such 
as the potential energy in the coiled spring of a watch or clock, 
which when wound up does work in moving the mechanism. 
We have also the case of potential energy in a lump of coal, which 
when burned gives out heat, that will raise steam to be used in 
a steam engine for doing work. Or, in the case of an electric 
battery, where plates of copper and zinc are respectively placed in 
solutions of sulphate of copper and zinc, and on being suitably 
connected by wires to an electric motor, will give out electrical 
energy, which may be converted into mechanical work by the 
motor, and thereby effect some useful purpose. 

Kinetic Energy is energy due to motion. For example, in the 
first instance of potential energy the weight of 10 lbs., in falling 
freely down through 10 ft., had stored up in it, due to its motion, 
an amount of accumulated work equivalent to 100 ft.-lbs. 

Accumulated Work. — If a body of weight W lbs. be raised 
to a height h feet above the earth 

The potential energy stored up ■= W^ (ft.-lbs.) 

Now, if the body be allowed to fall freely, under the action of 
gravity, through h feet, it would have a velocity at the end of 
time t seconds of v feet per second. 

Referring back to the formulae for falling bodies previously 
given in this lecture we see that — 

h =£. .-.Wh «Z^ft.-lbs. 
2g 2g 

* We have specially avoided using this term hitherto, as students are 
liable to confuse it with force, work, and power. 
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Therefore the kinetic energy or accumulated work stored up in a 
moving body is expressed by the formula — 

If a body of weight W lbs. were impressed forward along a 
perfectly smooth plane for a distance of I feet, by a force F lbs., 
causing an acceleration of, a, feet per second ; then the previous 
set of formula? for linear velocity would apply when the reaction 
from the plane cancelled the force of gravity. 

Here, . . Fw ^" a; and l "~" 
But the Work Done through distance I = F x I 

And . . FxJ«^x— =— ft.-lbs. 

g 2a 2g 

Therefore in this case the accumulated work stored up in the 
moving body would be expressed by the formula — 

*9 
Accumulated work in a Rotating Body. — If a body of W 
lbs. be concentrated at a distance of r feet from the centre of 
motion, and be rotated so that it has a velocity of v feet per 
second, then 

The Accumulated Work = — ft. -lbs. 

2 g 

The Energy of a Rotating Fly-wheel is a good example of 
accumulated work. If the pressure of steam in the cylinder and 
the point of cut-off be kept constant, and w if one or other of the 
machines which are being driven by the engine be thrown out of 
circuit — or, in other words, if the belt be moved to the loose pulley — 
the load on the engine will be lessened, and the engine will have a 
tendency to increase in speed. If, however, it be provided with 
a very heavy fly-wheel, the surplus power of the engine will be 
stored up in the fly-wheel, so that the increase of speed will not 
be so great as if it had a light one, or none at all. If a machine 
should be suddenly brought into circuit again after a short time, 
then the load on the engine will be as quickly increased ; but the 
stored-up energy in the fly-wheel will enable it to overcome this 
sudden demand for power, so that the speed of the engine will not 
be greatly altered. The fly-wheel, therefore, acts as a regulator 
of speed, not only for alterations of load, but also for the variable 
pressures which exist in the cylinder of an engine. This is 
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particularly noticeable in the case of gas engines, where the 
almost instantaneous explosion of gas in the cylinder at the 
beginning of a stroke creates an immense force, which would 
urge the piston forward at lightning speed, if it were not for 
the very heavy fly-wheel with which the engine is provided. The 
fly-wheel stores up some of this sudden force and gives it out 
again during the intervening strokes when there is no explosion, 
thus tending to a uniformity of speed which would be conspicuous 
by its absence if the gas engine had only a light fly-wheel, or none 
at all. In fact, the motion of gas engines would be so erratic 
without fly-wheels as to prevent their application to many pur- 
poses for which they are admirably adapted when aided by very 
heavy ones. 

Radius of Gyration. — It will be evident, almost without ex- 
planation, that in the case of a fly-wheel or a rotating disc, those 
parts which are furthest from the centre of motion must accu- 
mulate more energy than those of the same weight which are 
nearer to that centre, because they move at a greater velocity. 
There is, however, for every body a mean radius of rotation, termed 
the " radius of gyration? which is at such a distance from the 
centre of motion, that if the whole mass of the body were concen- 
trated there, the same kinetic energy or accumulated work would 
be developed at the same speed or number of revolutions per 
minute. The length of this mean radius varies with the shape 
of the rotating body, and requires a knowledge of higher mathe- 
matics for its computation ; so we will assume that in the case of 
a fly-wheel it is at the e.g. of the rim, or that the distance is given 
in any question requiring solution. 

Example III. — A fly-wheel weighing 10,000 lbs. has a mean 
radius of rotation, r = 5 feet, and turns normally at 100 revolu- 
tions per minute. Owing to the load being diminished, the speed 
increases to no revolutions per minute; what reserve power is 
stored up in the fly-wheel fit to overcome any sudden increase of 
load? 

Answer. — Let v x = the velocity in feet per second, at the nor- 
mal speed n x revolutions per minute, 

And v t = the velocity at the increased speed n % revo- 
lutions per minnte ; 

2 x 22 x 5 x 100 - -. 

0. « 2wra. = ^ — 52*4 ft. per sec. 

1 * 7 x 60 

2 x 22 x 5 x no .. , e . 
v % = 2itrn % = 2 = 57-0 ft. per see 

1 7 x 60 



the fly-press: 
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Stored energy at speed n x = - — l - 



>> 



w,= 



*9 

2<7 

Reserved stored energy = '- l - = — -(v, a - t? a ) 

20 20 20 ' 



IOOOO 



>> 



)> 



MS7-6 J - S 2-4 8 ) 



2 X 32 

„ „ = 89,375 ft.-lbs. 

The Fly-press. — This machine is used, in the form shown by 
the figure, either for embossing or stamping pieces of metal with 




D represents Disc supporting M. 
M „ Metal to be stamped. 
P „ Punch or die. 
F .. Frame of machine. 



»» 



The Fly-press. 

Index to Parts. 

S represents Screw. 
N „ Nut for S. 
L „ Lever arms. 
B „ Balls or weights. 



»> 



some design, or for punching thin metal plates. The piece of 
metal M, to be embossed or punched, is laid on a disc D, and the 
die or punch P is caused to come down on M with a large 
amount of stored-up energy, due to the operator taking hold of 
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one or other of the heavy balls B, and giving them a very rapid 
turn round. The result of this movement is to send the quickly 
pitched square-double-threaded screw rapidly through its nut N, 
thereby forcing the guided square carrying the punch straight 
downwards, and causing the latter to overcome the resistance of 
the hard metal. Neglecting friction at the screw and the guide, 
and considering the combined weight of the two balls as = W lbs., 
and v = their velocity in feet per second at the instant the punch 
meets the metal M, then — 

The stored energy, or energy of the blow, = f t.-lbs. 

2g 

If . Z = Length the punch or die goes into the metal in feet, 
And R = Resistance overcome (mean) in lbs., 

Then . . . . . . Bl=— ft.-lbs. 

29 

Example IV. — Distinguish between energy and power. What 
is the unit of power in this country ? In a fly-press two balls, 
each weighing 60 lbs., are moving with a linear velocity of 15 
feet per second, what is the measure of the energy existing in the 
balls (take # = 32)? What is the power required to raise 6600 
gallons of water up 150 feet in 30 minutes 1 A gallon of water 
weighs 10 lbs. (S. and A. Exam. 1893.) 

Answer. — (1) Energy is the capability of doing work which a 
body may possess on account of its position, or condition, or 
motion. Power is the rate of doing work, or the work done in a 
given time. The unit of power in this country is the horse-power 
and is the rate of doing work equivalent to 33,000 ft.-lbe. per 
minute. 

(2) Here W = combined weight of the two balls =120 lbs. 

v = linear velocity of balls =15 ft. per sec. 

__ W«» 

Then energy existing in balls = 



^9 

120 x 15 x 15 



= 421-87 ft.-lbs. 



2x32 

(3) Weight of water raised 6600 x 10 „^ ,, 
per minute " ^ = 220 ° lbs - 

Work done per minute = 2200 x 150' = 330,000 ft.-lbs. 
Power required « ' = 10 H.P. 
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Momentum is the quantity of motion possessed by a body. 
It is measured by the quantity of moving matter (i.e., its mass) 
multiplied by its velocity.* 

Or, Momentum = Mass x Velocity 

M = m x v 

The momentum of a body is, therefore, that constant forco 
which, acting for unit time, would stop the body. 

A force of 2 lbs. acting for unit time, or one second, on a body, 
will produce a certain amount of momentum; it is therefore 
obvious that twice the force acting for half the time, i.e., 4 lbs. 
acting for half a second, would produce the same momentum. 

Example V. — A hammer head of 2^ lbs. moving with a velocity 
of 50 feet per second is stopped in -ooi second. Find the average 
force of the blow. (S. <fc A. Exam. 1897.) 

Answer. — Momentum of Hammer Head = mass x velocity 

-A. 



»> » » 



32-2 
= 3-9. 



5o 



This momentum therefore represents the force in lbs. which, 
acting for one second, would stop the hammer head. The average 
force of the blow is therefore 3-9 4- 'ooi lbs. «= 3900 lbs. 

Example VI. — A ship of 2000 tons, moving at 3 knots, is 
stopped in one minute; what is the average retarding force? 
Neglect the motion of the water. One knot is 6080 feet per 
hour. (S. <fc A. Exam. 1898.) 

Answer. — Here we may obtain the retarding force in tons and 
reduce the speed in knots to feet per second. 

Now, 3 knots = 3 x 6080 feet per hour ; or,^ -r- ft. per sec. 

Hence the momentum = mass x velocity = x % ;— . 

J 32 60 x 60 

* The mass of a body is its weight in lbs. divided by the acceleration 
due to gravity. Hence, if a body is W lbs. in weight, and if g repre- 
sents the acceleration due to gravity, or 32 feet per second, then 

W 

the mass m = — . For example, if a body weighed 3*2 lbs., then its mass 

is 3* 2 -T- 32 or • 1 unit of mass. If this body is moving with a velocity of 
10 feet per second its momentum is -i x 10 or 1. If this momentum be 
created or destroyed by a force acting for one second only on the body, 
the force must have a value of 1 lb. If it be created or destroyed in ten 
seconds, then the force is • 1 of a lb. ; if in ^ second, its value would be 
10 lbs. 
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Since the-retarding force acts for one minute, or sixty seconds : 

,\ The average retarding force = momentum ~ 60 

2000 3 x 6080 

' " " " 32 60 x 60 

Or, „ „ „ = 6*27 tons. 

Example VII. — A railway train starting from rest along a 
level line acquires a speed of 30 miles per hour in five minutes. 
What has been the mean pull between the engine and the train ; 
the resistances to motion being taken at 10 lbs. per ton, and 
weight of train exclusive of engine 150 tons? 

Answer. — Constant pull due to resistances =10x150=1 500 lbs. 

m . • 150X2240 

Mass of train = m =■ — = 1150x70 

32 D * 

30 x 5280 feet per 
Velocity of train = v = 30 miles per hour = 6q x 6q sec ond. 

„ „ « 44 feet per second. 

Momentum of train = ??i x ^ = 1 50 x 70 x 44. 

And the time taken to produce this momentum = 5 x 60 seconds. 

.*. Mean pull producing change \ 1 50 x 70 x 44 

of motion J ~ fjfo = I54 ° lbs " 

.*. Total mean pull between the 1 1U 

engine and carriages ) =1500+1540 = 3040 lbs. 
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Lecture XXL— Questions, 

1. A body moves in a circle with a uniform velocity ; show that it must 
be acted on by a constant force tending towards the centre, and find the 
magnitude of the force in terms of the radius of the circle, and of the mass 
and velocity of the body. 

2. A body weighing 2} lbs., fastened to one end of a thread 4 feet long, 
is swung round in a circle, of which the thread is the radius ; what will be 
its velocity when the tension of the thread is a force of 20 lbs. (#=32) ? 
Ans. 32 feet per second. 

3. When an unbalanced wheel is set in rapid rotation, a considerable 
amount of shake and vibration is experienced. Ton are required to explain 
this result fom first principles, and to state the mechanical laws which 
appear to be at work. How would you calculate the amount of pull that 
this unbalanced weight exerts 7 

4. What primary law in mechanics asserts itself when some revolving 
piece of machinery moves at a high velocity, and is unbalanced 7 A weight 
of 1 lb. is placed on the rim of a wheel 2 feet in diameter, which revolves 
upon its axis and is otherwise balanced. The linear velocity of the rim 
being 30 feet per second, what is the pull on the axis as caused by the 
weight of 1 lb. 7 Ans. 28*1 lbs. 

5. A segment of a fly-wheel, with the arm to which it is attached, weighs 
3500 lbs., and the mass of the portion may be taken as collected at a dis- 
tance of 8 feet from the axis of the wheel, which makes 40 revolutions per 
minute. What is the force tending to pull away the segment and arm 
from the boss of the wheel ? (S. and A. Exam. 1889.) Ans. 15,365 lbs. 

6. Define kinetic energy. How does it differ from potential energy ? If 
a velocity of 300 feet per second is impressed on a weight of 10 lbs., what 
is the measure of the energy now imparted to the weight 7 (S. and A. 
Exam. 1 891.) Ans. 14,0625 ft. -lbs. 

7. State the rule for finding the amount of work stored up in a given 
weight when moving with a given velocity. A weight of 6 cwt. moves 
with a velocity of 20 feet per second ; how many units of work are stored 
up in it 7 Ans. 4200 f t-lbs. 

8. Write down the formula for the amount of energy stored up in a given 
weight when moving with a given velocity. Describe, with a sketch, the 
action of a fly-press. If each ball of the press weighs 50 lbs., and the work 
stored up in the balls is 400 ft. -lbs., find the velocity with which they are 
moving. Take the number 32 to represent g. (S. and A. Exam. 1888.) 
Ans, 16 feet per second. 

9. Account for the storing up of energy in a rotating fly-wheel. If the 
weight of the rim be doubled while the rate of rotation remains unchanged, 
how much is the energy increased 7 Ans. Twice. 

10. State the formula for the energy stored up in a fly-wheel, on the sup- 
position that the whole of the material is collected in a heavy rim of given 
mean radius. Apply the formula to show (1) the effect of doubling the 
number of revolutions per minute ; (2) the effect of doubling the weight ; 
(3) the effect of increasing the mean radius in the proportion of 3 to 2. 
(S. and A, Exam. 1890.) 

1 1. A fly-wheel weighs 2$ tons, and its mean rim has a velocity of 40 feet 
per second. If the wheel gives out 10,000 ft. -lbs. of energy, how much is 
its velocity diminished? (S. and A. Exam. 18S8.) Ans. 1*455 ^ eet pe* 
second. 
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12. The rim of a fly-wheel weighs 9 tons, and the mean linear velocity 
of its mass is assumed to be 40 feet per second ; how many foot-tons of 
work are stored up in it ? If it be required to store the additional work oi 
9 foot-tons, what should be the increase of velocity ? Ana. 225 ft,-tons ; 
079 ft. per second. 

13. Sketch a fly-press, explain its action, and state for what purpose it 
is chiefly used. Find, in foot-pounds, the amount of work accumulated in 
a body which weighs 80 lbs., and has a velocity of 20 feet per second. 
Ana. 500 ft.-lbs. 

14. In a fly-press there are two weights, each of 60 lbs., placed at the 
ends of an arm which drives the screw ; and the velocity of each weight at 
the instant of striking the blow is 10 feet per second. The die at the end 
of the screw moves through ^ inch in coming to rest ; what mean statical 
pressure does it exert on the metal subjected to the operation of stamping f 
Ant. 22,500 lbs. 

15. What do you understand by stored-up energy? A pile driver ot 
300 lbs. in weight falls through a height of 10 feet, how many foot pounds 
of work will it give o.ut in driving the pile ? If the pile goes down 
2 inches under the blow, find the average amount of resistance overcome. 
(S. & A. Exam. 1894.) 
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LECTURE XXII. 

Contents. — Some Properties of Materials employed by Mechanics — Essen- 
tial Properties — Extension — Impenetrability — Contingent Properties 
— Divisibility — Porosity — Density — Cohesion — Compressibility and 
Dilatability — Rigidity— Tenacity— Malleability —Ductility — Elas- 
ticity — Fusibility — Load, Stress, and Strain — Total Stress and Inten- 
sity of Stress — Tensile Stress and Strain — Example I. — Compressive 
Stress and Strain— Example II. — Limiting Stress or Ultimate Strength 
—Safe Loads and Elasticity — Limit of Elasticity — Hooke's Law — 
Factors of Safety— Modulus of Elasticity — Ratio of Stress to Strain — 
Example III.— Questions. 

Some Properties of Materials employed by Mechanics. 
— The properties of matter are almost innumerable, but they may 
be divided into two classes: (i) Essential properties; (2) Con- 
tingent properties. The essential properties are those without 
which matter cannot possibly exist. The contingent properties 
are those which we find matter possessing, but without which we 
could conceive it to exist. 

Essential Properties — 1. Extension means that property by 
which every body must occupy a certain bulk or volume. When 
we say that one body has the same volume as another, we do not 
mean that it has the same quantity of matter, but only that it 
occupies the same space.* 

2. Impenetrability means that every body occupies space to 
the exclusion of every other body, or that two bodies cannot 
exist in the same space at the same time. 

Contingent Properties. — 1. Divisibility means that matter 
may be divided into a great but not an infinite number of parts. 
The ultimate particles of matter are termed atoms, derived from a 
Greek word signifying indivisible. 

2. Porosity signifies that every body contains throughout its 
mass minute spaces or insterstices to a greater or less extent. 
This has been proved to be the case with every known substance. 
These spaces are supposed to be filled with a highly elastic fluid 
called ether. 

For example, when the steel or cast-iron cylinder of a hydraulic 

* For Simplo Rules of Mensuration sec the Author's Elementary Manual 
on •• Stcair. and the Steam Engine," Lectures I. II. III. 
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press is subjected' to enormous pressure, water will ooze through 
the metal from the interior to the outside. . 

3. Density is that property by which one body differs from 
another in respect of the quantity of matter which it contains.* 

Let M„ M t = Masses of two bodies 
Let Vj, V, wm Volumes of two bodies. 
Let D t , D, =b Densities of two bodies. 

If V, - V„ then g» - §; & Di _ Di>then gi_ L. 

m • mm 

M VxD 

If both vary, then ~- = ^ ^ri- 

J9 M t V, x D t 

4. Cohesion is that property by which particles of matter 
mutually attract each other at insensible or indefinitely small dis- 
tances. It is therefore different from gravitation, since the latter 
acts at all distances. It is evident that without this property 
we could not have a solid, for if a solid body be lifted by one 
part, the remainder sticks to it, and the whole is kept together by 
cohesion. 

5. Compressibility and Dilatability are properties common 
to all bodies, by which they are capable of being compressed like 
a sponge or extended like a piece of india-rubber in a greater or 
less degree. 

6. Rigidity signifies the stiffness to resist change of shape 
when acted on by external forces. Unpliable materials which 
possess this property in a large degree are termed hard, whilst 
those which readily yield to pressure, without disconnection, are 
called soft. Substances which cannot resist a change of shape 
without breaking are termed brittle, whilst those that do resist 
and at the same time change their form are said to be tough. 

7. Tenacity is the resistance (due to cohesion) which a body 
offers to being pulled asunder, and is measured by the tensile 
strength in lbs. per square inch of the cross section of the body. 
We will consider this property in the case of metals, ike, when 
dealing with stress and strain. 

8. Malleability is that property by which certain solids may 
be pressed, rolled, or beaten out from one shape to another with- 
out fracture. It is therefore a property depending upon the 
softness, toughness, and tenacity of the material. Gold possosses 
this property in a higher degree than any other metal, and con- 

* The Density of a substance is either the number of units of mass in a 
unit of volume, in which case it i.s equal to the heaviness (i.e., weight of 
unit volume of substance in unit weight) ; or it is the ratio of the mass of 
a given volume of the substance to the mass of an equal volume of water, 
In which case it is equal to the specific gravity. 
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sequently sheets of gold are procurable of less than one-thousandth 
of an inch in thickness. Copper is one of the most useful of the 
malleable metals, and it may be beaten out into most elaborate 
shapes from the solid ingot. The Swedish iron of which horse- 
shoe nails are made is also very malleable, and is therefore highly 
prized by the blacksmith. Lead, although possessing softness, is 
not sufficiently tenacious to be considered a very malleable metal, 
but still it finds one of its most useful applications in the form of 
rolled lead sheathing for roofs of houses and interiors of water 
tanks, Ac. 

9. Ductility* is that property by which some metals may 
be drawn down through a die-plate into wire or tubes. This pro- 
perty depends chiefly on toughness and tenacity. For example, we 
find that the very fine pianoforte wire used with Lord Kelvin's 
deep-sea sounding machine is both hard and rigid, but possesses 
great toughness and tenacity. The copper wire used for electrical 
conductors becomes harder and harder as it gets drawn down to 
smaller and smaller sizes, and it has therefore to be annealed in 
order to comply with the many bendings and unbendings which it 
has afterwards to undergo in winding and unwinding it upon 
bobbins whilst twisting it into a stranded conductor or in 
covering it with a dielectric of cotton, silk, gutta-percha, or 
india-rubber, &e. Solid-drawn copper pipes are frequently used 
for conveying steam and liquids where a sound light job is required 
to resist great pressures. This flowing property of metals is now 
taken great advantage of by the engineer in a variety of ways. 
For example, lead and tin, when subjected to great hydraulic 
pressure, and properly guided through a die, can be squirted into 
long continuous rods or pipes, or squeezed on to insulated electric 
light conductors, so as to form a water-tight protecting sheathing 
thereto, just as if these metals were composed of so much plastic 
dough. In fact, all you have to do in order to cause many harder 
and stronger metals, such as copper, iron, and steel, to flow cold 
into almost any shape of mould, is to apply sufficient pressure and 
to give sufficient time for them to retain their natural homogeneous 
and isotropic structure, or to adopt means for restoring the 
structure should they have departed therefrom during any part 
of the process. A metal is said to be homogeneous when it is of 
the same density and composition throughout its mass. It is 
isotropic when it has the same elastic properties in all directions. 

* Refer to the description of the Lever Testing Machine, illustrated in 
Lecture IV., and to Lord Kelvin's Hydrostatic Wire Testing Machine, 
illustrated in Lecture XVII., as examples of machines whereby the 
comparative ductility of certain materials may be ascertained by their 
percentage elongation. 

R 
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10. Elasticity is that property, possessed by different solids in 
a greater or less degree, of regaining their original size and shape 
after the removal of the force which caused a change of form. 
We shall see later on that there are limits of elasticity beyond 
which the bodies will not regain their exact normal size or shape. 

12. Fusibility is that property whereby metals and many other 
substances, such as resins, tallows, <fcc, become liquid on being 
raised to a certain temperature. The following table shows in 
round numbers the melting-points of a few of the commoner 
metals : — 

Melting Points of Metals in Degrees Fahrenheit. 



Mercury 
Tin . 
Bismuth 
Lead . 
Zinc . 
Antimony 
Brass . 
Silver . 



- 3» 

+440 

500 
600 
700 
800 
1800 
1850 



Copper 


• 


• 


2000 


German silver • 


• 


• 


2000 


Gold . 


• 


• 


2000 


Cast iron . • 


• 


• 


2200 


Steel . 


• 


< • 


2500 


Nickel, also Aluminium 


• 


2800 


Wrought iron 


• 


• 


3300 


Platinum 


• 


• 


350O 



Load, Stress, and Strain. — When force is applied to a body 
so as to produce either elongation or compression, bending, torsion, 
shearing, or a tendency to any of these, the force applied is 
termed the load, the corresponding resistance or reaction in the 
material is termed the stress due to the load. Any alteration pro- 
duced in the length or shape of the body is termed the strain. 

Definitions. — Load is the force or forces applied to the body. 
Stress is the reaction in the body due to the load. 
Strain is the alteration in shape as the result of the load. 

The load is called a dead load when it produces a steady or a 
gradually increasing or diminishing stress. For example, the 
weight of a roof on the walls of a building is a steady or dead 
load. The gradually increasing pull produced on the specimen 
in the lever-testing machine, illustrated by the fourth figure in 
Lecture IV., is also a dead load. 

The load is termed a live load when it varies from instant to 
instant. For example, a regiment of soldiers, or a series of 
vehicles, or a train passing over a bridge creates a live load on the 
bridge. 

Total Stress and Intensity of Stress. — The total stress is 

the total reaction due to the total load. The intensity of stress, 

or simply the word stress, expresses the reaction per unit area of 

the cross section. Thus, if P be the total force applied in lbs., 

and A be the total cross section in square inches, then the 

P 
Mean Intensity of Stress on the section « -r- lbs. per square inch, 
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Tensile Stress and Strain. — If the line of action of a load 
be along the axis of a bar, tie-rod, or beam, so as to tend to elon- 
gate the same, the reaction per square inch of cross section is 
termed the tensile stress, and the elongation per unit of length is 
called the tensile strain. 

Example I. — A wire ^ square inch in cross section, and 
10 feet long, is fixed at its upper end. A load of iooo lbs. is * 
hung from the lower end, and then the wire is found to stretch 
1 inch, (i) What is the stress ? (2) What is the strain ? 

Answer. — (1) Here P = 1000 lbs., and A^^ sq. in. 

. Let p = stress or pull per square inch in lbs. 

P / 

,\ The stress, or p =~T~= S IOO ° / Tfr"= 10,000 lbs. per sq. inch. 

(2) Original length = L ■= io ; = 120", and the increase of 
length = I - 1". 

"Let e — strain or extension per unit of length, i.e., per inch in 
this case, 

„ . increase of length I 1" ~,>«« 

.\ The Strain, or e = .  1 , Jl = r = * = -0083 

' original length L 120 

Compressive Stress and Strain. — If the line of action of a 
load be along the axis of a bar, shore, strut, or pillar, so as to 
tend to compress or shorten the same, the reaction per square 
inch of cross section is termed the compressive stress, and the 
diminution per unit of length is called the compressive strain. 

Example II. — A vertical support in the form of a hollow 
pillar, having 2 square inches cross section of metal, is 10 feet long. 
With a load of 10,000 lbs. resting on the top, it is found to be 
compressed ^ of an inch in length. (1) What is the stress? 
(2) What is the strain ? . 

Answeb. — (1) Here P = 10,000 lbs., and A » 2 sq. inches. 

Let p « stress or compression per sq. in. of cross section in lbs. 

P 10,000 . _ 

.\ Tlie stress, or p = -r = =5000 per square inch. 

A. 2 

(2) Original length = L = 10' = 120", and the diminution of 
length = I = jV' 

Let e = strain or compression per unit of length, i.e., per inch 
in this case, 

m . diminution in length -i" ,w^«« 

/. The strain, or e = . . , , ,, 8 = 77 = '00083 

' original length 120 

Limiting Stress or Ultimate Strength. — For every kind 
of material and every way in which a load is applied, there must 
be a value, which, if exceeded, causes rupture or fracture of the 
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body. The greatest stress which the material is capable of 
withstanding is called the limiting stress or ultimate strength per 
square inch of cross section of the substance, for the particular 
way in which the load is applied. 

Factors of Safety. — The ratio of the ultimate strength or 
limiting stress to the safe working load is called the factor of safety. 
This factor of necessity varies greatly with different materials, 
and even with the same material, according to circumstances. 
For materials which are subjected to oxidation or to internal 
changes of any kind, the factor of safety must of necessity be 
larger than in those which are always kept dry or are well painted 
and carefully handled. There is no condition in engineering 
structures which requires a more careful calculation, or estimate 
of the necessary factors of safety, than that of railway bridges, 
which are exposed to all sorts of weathers and to extremely 
variable live loads. The skill of the engineer is therefore brought 
out, when he designs structures so as to include all possible 
circumstances to which they may be subjected, and so proportions 
the material at his disposal, that there shall be a minimum of 
interna] stress and strain, with a maximum resistance to dead or 
live loads for a minimum cost of material and workmanship.* 

Table op Ultimate Strength and Working Stress of Mate- 
rials when in Tension, Compression, and Shearing. 



Materials. 


Ultimate Strength. 
Tons per sq. inch. 


Working Stress. 
Tons per sq. inch. 


Ten- 
sion. 


Com- 
pression. 


Shear- 
ing. 


Ten- 
sion. 


Com- 
pression. 


Shear- 
ing. 


Cast iron . 
Wrought-iron bars 
Steel bars . . 
Copper bolts , 
Brass sheet . 


7-5 

45 
15 
14 


45 
20 

70 
25 


14 
20 

30 


1-5 

5 
9 
3 
3 


9 

3-5 
9 
5 


3 
4 
5 



Safe Loads and Elasticity. — As a rule, however, the object 
of the engineer is not to put such a stress on his materials of 
construction as will cause rupture or destruction, but rather to 

* For other tables relating to the Strength of Materials in Engineering 
Constructions, Factors of Safety, &c, refer to Rankine's "Rules and 
Tables," Molesworth's "Pocket Book of Engineering Formulas," D. K. 
Clarke's " Rules and Tables," " The Practical Engineer's Pocket Book ;" 
and for Electrical Engineering Materials to Munro and Jaraieson's " Pocket 
Book of Electrical Rules and Tables/ 1 
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make machines and raise structures that will withstand all rea- 
sonable forces likely to be brought to bear upon them. Conse- 
quently, he is quite as much interested in what may be termed 
safe loads as in ultimate or destructive ones. He therefore 
requires to know what loads can be safely applied to materials 
under different circumstances, so as to comply with that most 
useful property termed elasticity, which we again define as the 
capability of regaining their original size, shape, and even strength, 
after the removal of thz forces which caused a change of form in 
them. 

Limit of Elasticity — Hooke's Law. — So long as the 
stress or reaction per square inch of cross section does not exceed 
a certain limit, called the limit of elasticity, then the material 
will return to its original shape, size, and strength, after the 
removal of the load. This limit has been ascertained for most 
materials of construction by elaborate experiments, which are to 
be found tabulated in the Proceedings of the Institutions of the 
Civil and Mechanical Engineers, and in such books as Rankine's 
" Rules and Tables," Molesworth's " Pocket Book of Engineering 
Formulae," and D. K. Clark's " Rules and Tables." For example, 
with a bar of good wrought iron the elastic limit is only reached 
after a stress of 24,000 lbs. per square inch has been brought to 
bear upon it, and in a similar degree every other material has a 
corresponding limit, beyond which it is not safe to stress it, for 
fear that it should be overstrained, and thus lose, to a certain 
extent, its property of recuperation or restitution, or take a 
permanent set. 

Within this limit, Hooke's Law holds good for metal bars under 
the action of forces tending to elongate or compress them. This 

law states that : 

(1) The amount of extension or compression for the same bar 
is in direct proportion to the stress. 

(2) The extension or compression is directly proportional to 
the length. 

(3) The extension or compression is inversely proportional to 
the cross sectional area ; consequently, if the area be doubled the 
extension or compression will be halved, or the resistance to the 
load will be doubled. 

Let P = Pull, push, or load in lbs. on the bar, 
„ A = Area of cross section of the bar. 
„ L = Length of the bar before the load was applied. 
„ I = Length by which the bar is extended or compressed* 
„ p = Stress or load per square inch of cross section = P/A, 

P 

Then, so long as tt- does not exceed the elastic limit, I varies directly 
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I P 

as P for the same bar ; or y- varies directly as -j > for different bars 

of the same material and subjected to the same conditions. 

In other words, so long as the stress does not exceed the elastic 
limit, the strain will be proportional to the stress. 

Modulus of Elasticity, or Ratio of Stress to Strain. — As 
we have just indicated, by Hookb's Law, if a metal under test be 
gradually subjected to a stress, and if the load does not exceed 
the limits of elasticity of the material, the strain will be in pro- 
portion to the load. 

Consequently, the ratio of the stress to the strain is a constant 
quantity for each particular substance within the limits of Hooke's 
Law, and is termed the Modulus of Elasticity of the substance. 

But • , Stress « Strain 

. • . . . Stress = E x Strain.* 

Where E represents a constant number or modulus depending on 
the natural elasticity of each material — 

J? 

• ft- Stress A — 
Strain I Al 

IT 

*.«., ; ; . . pl = ajb 

Or, imagine-^ is pure imagination — that a substance could 
be elongated to double its length or compressed to zero by sub 
jecting it to a certain load, we should then have an index value, 
or constant number, or modulus, by which we could compare it 
with every other substance which behaved likewise under similar 
circumstances. This imaginary value is termed the Modulus of 
Elasticity. 

For example, take a bar of wrought iron of i square inch cross 
section, which is found to stretch a^oooooff P 8 ^ °* ^ length 
under a stress of i lb., and consequently by Hooke's Law twice 
that amount under a stress of 2 lbs., and so on ; then this number 
(24,000,000) is called the Modulus of Elasticity of the iron bar. 
For, if the elasticity of the bar were perfect, it is evident that a 
stress of 24,000,000 lbs. would produce a strain or elongation 
equal to the length of the bar, or, f lgggggg = i. In other 
words, the length of the bar would be doubled under this stress. 
Consequently, we have the following definition, 

* Since stress is reckoned by so many lbs. per square inch of cross section 
of a material, and strain is simply an abstract number, it follows that the 
Modulus of Elasticity (B) must also be reckoned by so many lbs. per 
square inch. 
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Definition. — The Modulus of Elasticity of any substance is 
that load which would double its length on the supposition that the 
elongation was proportional to the stress, and that the cross section 
of the bar was of unit area, or one square inch, and supposing the 
bar to remain perfect during the operation. 

From this we again see thai — 



Or, 



Modulus of Elasticity = 8tre88 = E = 

strain 



-/ 



Moduli of Elasticity to Stretching. 

(Sec Rankine's Rules and Tables for complete Data.) 



Material. 


Modulus of 

Elasticity in 

lbs. per sq. in. 

in round 

numbers. 


Material. 


Modulus of 

ElasUoity in 

lbs. per sq. in. 

in round 

numbers. 




(Mean values.) 




(Mean values.) 


Wood, Elm . . . 


1,000,000 


Lead (sheet) . • . 


700,000 


„ Larch • . 


I,IOO,000 


„ (wire) . . . 


1,000,000 


„ Beech . . 


1,300,000 


Brass (cast) . • . 


9,000,000 


„ Birch . . 


1,400,000 


„ (wire) . . . 


14,000,000 


„ Mahogany . 


1,400,000 


Copper (cast) • . 


15,000,000 


„ Oak . . . 


1,500,000 


„ (wire) . . 


17,000,000 


„ Pine (yellow) 


1,600,000 


Cast Iron .... 


18,000,000 


„ Ash . . . 


1,600,000 


Wrought Iron . . 


25,000,000 


„ Teak . . . 


2,000,000 




35,000,000 



Example III. — A steel bar 5' long and 2J sq. in. in cross section 
is suspended by one end ; what weight hung on the other end will 
lengthen it by *oi6 inch, if the modulus of elasticity of steel is 
30,000,000 lbs. per square inch? (S. and A. Exam. 1877.) 

Answer. — First ask what is wanted ? Viz., stress. 

RfiTPRR 

Now the universal rule is Modulus of Elasticity — — — — 

9 strain 

Or, stress = modulus x strain. 
For, The strain is the elongation per unit of She length* 

•016 



Consequently, I = -, « 

^ 5x12' 



60 



= •00026. 
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.*. The Stress = Modulus x strain 

» ■* 30,000,000 x '00026 = 8000 lbs. per sq. in. 

And, The Total Stress = 8000 lbs. x 2*25 sq. in. = 18,000 lbs. 

Or, we might have applied the formula previously deduced— 
viz., 

PL = AJE, 

where P is the total pull required in lbs. 

• •. r= Agg = 2-2 5 "I- in.x'Oi6'x( 3 oxi(/) = 

L 5x12 ' 

Example IV. — What do you understand by stress and strain 
respectively ? If an iron rod, 50 feet long, is lengthened by. J inch 
under the influence of a stress, what is the strain ? (S. and A. 
Exam. 1892.) 

Answer. — Stress is the reaction per unit area of cross section 
due to the load. Let P = the total tension acting on area A ; 

P 
Then stress =p = -r- 

Strain is the ratio of the increase or diminution of length or 
volume to the original length or volume. Let L = original length 
of a bar of the material, £ = amount by which the length is in- 
creased or diminished; then, when the bar is subjected to stress, 

I 
The strain = e = y 

In the example given, L = 5o'*i2" = 600 inches ; and 1= J inch. 

.•. Strain, e = =- = -JL „ _I_ = '00083 

L 600 1200 

Example V. — From the above question and answer determine 
the modulus of elasticity of the iron of which the rod is composed, 
if the load was 4366 lbs., and the cross section of the rod 2 square 
inches. 

. , v «. Total load 

Answbb. — (1) Stress =^ 

N ' Cross area 

n P 4366 lbs ,. 

Or, • . . p = — = d 12 = 2183 lbs, 

A 2 

(2) Modulus of Elasticity = = — r- 

Strain 

Or, ... E=£ = 2l83 . =25,000,000 

e '00083 

•••A load of 25,000,000 lbs. would elongate a rod of the iron 
to double its length by tensile stress. 
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Lectubb XXII.— Questions. 

1. State and define the essential and contingent properties of matter, 
and give the names of those engineering materials with which 70a happen 
to be practically acquainted, that best exemplify each property. 

2. What is the meaning of the term ductility as applied to wrought iron ? 
Describe, with sketches, some apparatus for testing a piece of metal as to 
ductility. If a uniform bar of iron 10 inches long is found to stretch 
ij inches at the time of fracture, what is the measure of the ductility of 
the material of the bar? (S. and A. Exam. 1889.) Ans. 15 per cent. 

3. Give the approximate breaking tensile stress for a bar of cast iron of 
one square inch sectional area, and the same for a bar of wrought iron ? 
What is the meaning of the term ductility as applied to wrought iron, and 
how is the ductility of iron measured ? 

4. What must be the diameter in inches of a round rod of wrought iron 
in order to sustain a load of 50 tons ? It is given that a bar of i ron 1 s quare 

inch in section will just support a load of 25 tons. Ans, = a / ^gg " *^*« 

5. What is the modulus of elasticity of a substance ? A round bar of iron, 
12 feet long and ij square inches in sectional area, is held at one end and 
pulled by a force till it stretches £ inch ; find the force, the modulus of 
elasticity being 30,000,00a (S. and A. Exam. 1891.) Ans. 39,063 lbs. 

6. A round bar of steel i" in diameter and 10 feet long, is fixed at its 
upper end, and a load is applied to the bottom end and stretches it -05". 
Find the load if the modulus of elasticity is 30,000,000. Am. 9817*5 lbs. 

7. Find the dimensions of a transverse section of a square rod of fir to 
sustain a suspended load of 10 tons, the rod being held vertically. The 
breaking load of a rod of fir one square inch in section is 6 tons. Ans. 
1-29 inches. 

8. Find the extension produced in a bar of wrought iron 4 feet long and 
2 square inches in section by a suspended weight of 4$ tons, the modulus 
of elasticity of the material being 29,000,000 pounds per square inch. 
(S. and A. Exam. 1889.) Ans. '009 inch. 

9. What do you understand by the terms stress, strain, and modulus of 
elasticity ? A tie-rod, 100' long and 2 square inches cross area, is stretched 
.75" under a tension load of 32,000 lbs. What is the intensity of the stress, 
the strain, and the modulus of elasticity under these circumstances ? 
(S. and A. Exam. 1888.) Ans. 16,000 lbs. per square inch; 0*000625; 
25,600,000. 

10. Define what is meant by " dead load," " live load," " limiting stress," 
"limit of elasticity," and " factors of safety." 

11. What do you understand by stress and strain respectively? If an 
iron rod, 50 ft. loDg, is lengthened by £ in. under the influence of a stress, 
what is the strain ? If the rod is 2 sq. in. in section, and the load 1 1,000 lbs., 
what is the modulus of elasticity ? Ans. '000417 ; 13,200,000. 

12. Find the stress produced in a pump-rod 4" diameter, lifting a bucket 
28" diameter if the pressure on the top of the bucket be 6 lbs. per square 
inch in addition to the atmosphere, and the vacuum below the bucket be 
26" by gauge. Beckon each 2" of vacuum = 1 lb. Ans. 925 lbs. per sq. in. 

13. If the rod in question is 5' long, find its extension if the modulus of 
elasticity =9,000,000. Ana. *oo6 inch. 
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14. What do you understand by the terms tensile, compressive and 
shearing strength respectively of any material? Define " modulus of 
elasticity." If a wrought-iron bar of 1 square inch sectional area just 
breaks under a tensile stress of 60,000 lbs., what would be the area of the 
section of a tie-rod which would just support a load of 20 tons ? (S. & A. 
Exam. 1896.) 

15. A wrought-iron tie bar, f inch in diameter, has a modulus of elasticity 
of 28,000,000 lbs. per square inch. Its length is 23 inches ; find the load 
under which the bar will extend 015 of an inch. Find also the stress per 
square inch. (S. & A. Exam. 1894.) 

16. How would yon find out for yourself the behaviour of steel wire 
loaded in tension till it breaks ? What occurs in the material ? Use the 
word stress and strain in their exact senses. (S. & A. Exam. 1897.) 

17. An iron rod, of i-inch diameter and 12 feet in length, stretches 
3/32-inch under a load of 6 tons suspended at its extremity. Determine 
the stress, strain, and modulus of elasticity of the bar. (S. & A. Exam. 
1893.) <dn*.i7,ti2'3lbs.persqr.in.; 0-00065; E = 26,3 10,424 lbs. per sqr. in. 
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Contents. — Stresses on Chains— Shearing Stress and Strain — Example I. 
— Torque or Twisting Movement — Strength of Solid Bound Shafts — 
Example II. — Pressures on and Reactions from the Supports of Beams 
— Examples III. IV. — Transverse Stress or Bending Moment of Beams 
— (i) Load at Middle ; (2) Load Distributed — Example V. — Questions. 

In this Lecture we will continue the subject of " strength of mate- 
rials/ 1 and finish the course with reasons for the shapes generally 
given to sections of cast iron, wrought iron, and steel girders. 

Stresses on Chains. — The only stress to which the sides of the 
links of chains are subjected under ordinary circumstances, is that 
of tension. This stress tends to bring the sides of the links closer 
together, and consequently we find that large chain cables for 
mooring ships (where very sudden and severe stresses are encoun- 
tered) have a cast-iron stud or wedge fitted between the inner 
sides of the links. These studs most effectually keep the sides of 
the links apart, and prevent any link jamming a neighbouring 
one. They add materially to the strength of the chain, for they 
are in compression whilst the sides of the links are in tension. 
Being composed of cast iron, which offers the immense resistance 
to compression of fully 45 tons per square inch,* there is not 
much fear of their giving way before the sides of the links. 

The strength of a stud-link may be taken as equal to double 
the strength of a rod of wrought iron, of the same diameter and 
quality of material as that of which the chain is composed, whereas 
the strength of an open-link chain is only about 70 percent, of this 
amount, even with perfect welding.f 

In Molesworth's " Pocket-Book of Engineering Formulaa," the 
student will find at page 54 a formula for the safe load on chains, 
viz. — 

W = 7.ieP 

"Where W = Safe load in tons. 
„ d = Diameter of iron in inches. 

• See Table of the Ultimate Strengths and Safe Working Loads given 
in Lecture XXII. 
t Some well-known authorities give less than 70 per cent. 
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Now, such a formula is very easy of application, but the student 
should never rest content until he finds out how the constants 
have been arrived at, and what relation the various symbols have 
towards each other. If he refers back to the short table of 
" Ultimate Strengths and Working Loads " given in the previous 
Lecture, he will find opposite wrought-iron bars and under tension, 
the value 5 tons per square inch as the safe working load. Con- 
sequently, applying what was said above about perfect stud-link 
chains, he will see that — 

™ 1 twice the load of a rod of the same diameter and 
"" \ quality as that of which the chain is composed. 

.•. W= 2 x 5 x cross area of the chain iron. 

W« 2 x 5 x -d*= 2 x 5 x J x £?<? = 7*8# 
° 4 7 

This is near enough to the constant given by the above empirical 
formula to enable him to see how it has been obtained. 

Chains which are subjected to many sudden jerks (such as lift- 
ing chains for cranes and slings) become in time crystalline, or 
short in the grain, and consequently brittle and unsafe. The 
best precaution to adopt in order to periodically remove this en- 
forced internal condition, is to draw them once a year very slowly 
through a fire, thus allowing them to become heated to a dull red, 
and then to cool them slowly in a heap of ashes. This method 
is followed at Woolwich Arsenal and some other Government 
works. 

Shearing Stress and Strain. — The action which is produced 
by shearing and punching machines on iron, steel, or copper plates, 
&c., is to force one portion of the metal across an adjacent portion. 
The shearing stress is the reaction per square inch opposing the 
load or pressure applied to the shears or punch, and the shearing 
strain is the deformation per unit length or volume. Rivets 
holding boiler plates together, fulcra of levers, the pins" of the 
links of the chain of a suspension bridge, the cotter keys of a 
pump rod, are all subjected to shearing stresses and strains. The 
ultimate and the working shearing stresses for a few engineering 
materials were given in a table in Lecture XXII. 

In the case of loaded beams (which we will consider shortly in 
connection with bending moments) the shearing force at any point 
or any transverse section thereof is equal to the algebraical sum 
of all the forces on either side of the point or section. 

Example I. — A steel punch 1" diameter is used in a large 
shipyard punching machine to make holes in steel plates 1" thick. 
What will be the total shearing stress or least pressure required ? 
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Answer. — Referring to the table in last Lecture, we see that the 
ultimate shearing strength or shearing stress for steel bars (which 
we will assume to be the same as for plates) is 30 tons per square 
inch. Now a hole 1" diameter has a circumference = nd 
= 3*14", and since the plate is 1" thick, the area of the resisting 
section must be the circumference of the hole x its depth, or 
= 3* 1 4" x 1" = 3*14 square inches. 



• 



•. The total pressure required = 30 tons x 3*14 = 94*2 tons. 



Torque, or Twisting Moment.* — In the case of a shaft 
having a lever, pulley, or wheel fixed to it with a force P lbs., 
applied at radius R feet from the centre of the shaft, then 

The twisting moment is  P x R foot-lbs. 

Or if R be in inches, 

The torque = P x R inch-lbs. 

Strength of Solid Round Shafts. — It is evident from the 
above, that a shaft subjected to a twisting moment must offer a 
sufficient resistance thereto, otherwise it would be twisted, or 
sheared, or ruptured through by the torque. It may be proved 
that in the case of solid round shafts their resistance to torsion 
is directly proportional to the cubes of their diameters when made of 
the same materal and quality.! 

* The term torque was devised by the late Professor James Thomson, of 
Glasgow University, to signify twisting or tortional moment. The foot- 
lbs, of torque must not be confused with ft. -lbs. of work or with resilience, 
which is the work done in straining a body as measured by the elongation 
or compression in feet x the mean load causing the strain. It will there- 
fore, perhaps, save confusion, to calculate torques in inch-lbs. — i.e., to 
take the leverage or arm of the mo.nent in inches, and the force applied 
in lbs. • 

f This is evident from the fact that the shaft must offer a moment of 
resistance, or shearing moment, equal to the twisting moment at the instant of 
rupture. Now, the area to be sheared is the cross area of the shaft 

= — D 2 , where D is the diameter of the shaft. The mean arm or leverage at 

which this resistance acts is equal to half the radius of the shaft, for at the 
centre the arm is = 0, and at the circumference it is = r, the radius of the shaft. 

r D 

The mean arm is therefore = _ = — . And, if the shearing resistance per 

* 4 

square inch of cross seotion of the material bt=S, the product of these 
three quantities will be the total shearing moment, and must equal the 
twisting moment — viz. =PxR, where P is the force applied at the end of the 
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Let D., D„ D. — Diameters of three shafts, 1", 2", and 3" dia- 

meter respectively. 

T p T„ T, — Torques which they will respectively resist 

when stressed to the same extent. 

Then, . . ^-.T^T.xD^iD/iD, 8 

Or, . . . OV.T^T,:: ** : 2 * : 3 8 

:: 1 : 8 : 27. 

In other words, the strengths of the three solid shafts will be as 

1 : 8 1*27. 
A good wrought-iron shaft of 1" diameter has been found to 

withstand a torque of 800 ft.-lbs., or 9600 inch-lbs., which means 

that they will resist 800 lbs. force at 1 foot, or 12" leverage, or 

400 lbs. at 2 feet, or 24", and so on. 

Or, « P x R'  800 feet-lbs. of torque 
t.c, • P x R" ■» 9600 inch-lbs. torque. 

Example II. — On the above basis, what force acting at the 
circumference of a pulley 20" diametes will break a wrought- 
iron shaft 2" diameter ? 

Answer. — By the above rule we have the proportion ; 

T t :T f ::D 1 8 :D, $ 
But T t - P x x R/' = 800 lbs x 1 a" 
And T, « P, x R," - P, x 10" 
.•. PjRjiP.R, :: D^D, 8 
i.e., P,R, x Dj 8 - P^ x D, 8 

P,Ri x D 8 800 x 12" x 8 „_„_ 
°*> • • P .«i5^TTf, m? 7e801b * 

lever or circumference of the pulley, and R the length of the arm or radius 
of the wheel or pulley. 

Consequently, PxR=s(lD 3 x -)=S ^D» 

But S is a constant quantity for any particular material. Also, it and 16 
are constants. .'. PxR vary as D 3 . 

At the instant of rupture the strength of the shaft just balances or is 
equal to the twisting moment PxR. 

••. The strength of shaft varies as D 8 . 
This is the same as the general statement in the text above. Without 
some such algebraical explanation, students are sorely puzzled how the 
cube of the diameter crops up ; or still more so when they see the following 
which appears in some text-books. 
The moment of resistance of) 3'i4i6 ,. . - , , 
a round shaft to torsion j =^-x diameter* x shearing stress. 

Such a statement is, however, quite evident after the above analysis. (We 
must leave the consideration of hollow shafts, tubes, &c, to our Advanced 
Course.) 
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Pressures on and Reactions from the Supports of Beams. 
— If a beam be supported at its extremities and loaded in the 
middle, as shown by the following figure, then not only the 
weight of the beam, but also the load, produce pressures on and 
equal reactions from the supports A and B. 

(1) Neglect the weight of the beam, and consider only the 
effect of the load W. 







Reactions at A and B. 
Load at Centre and Weight of Beam neglected. 

Let Rj be the reaction at A, and R, the reaction at B. 
by taking moments about the point B, we have — 

R 1 xAB = WxCB 

KxL = Wx- 

2 



Then, 



>•. »! = 



WxL W 



2 x L 2 

Also, by taking moments about the point A we have — 

R,xBA = WxCA 

R,xL = Wx- 

2 



,\ R,= 



WxL W 
2 x L ~~ 2 



We thus see that the upward reactions are each = £W, and since 
action and reaction are equal and opposite, the pressures down- 
wards at A and B (due to the load W at the centre of the beam) 
must also be equal to £W. 

(2) If we consider the beam as uniform throughout, and its 
weight as = 10, then this force may be supposed to act at its centre 
of gravity, or at a distance = JL from A and B. The load W also 
acts at a distance |L from A and B. Consequently, taking 
moments about B we have — 



B^xAB-WxCB + ioxCB 



s 
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KxL ^Wx^+wx^^-CW + w) 

2 2 2 

In the same way, by taking moments about A we should find 

W w 
that R,= — - + -, and consequently the downward pressures at 

Z z 

• * W w 

points A and B must also be equal to — - + — . 

Example III. — A uniform beam of length L ft. and weight 
w lbs. is supported at both ends, and carries a weight W at one- 
fourth of the distance between the supports from one end ; find 
the pressures and reactions at each point of support. 



UM=B| 




Pressures and Reactions at Supports A and B due to 
Weight op Beam and a Load at D. 

Answer. — The above figure represents the data given in the 
question ; for, the distance between the supports A and B = L ; 
the weight w of the uniform beam acts at its e.g. C, or at a dis- 

L 

tance = — from each end, and the load W acts at D, or a dis- 

2 ' ' 

tance = — from one end A. 
4 
Then, by taking moments about the point B, we have-— 

B^AB^WxDB + wxCB 
R.xL =WxJL +10X — 

1 * 2 

(Divide both sides of the equation by L.) 
.** Vhe Upward Reaction at A = R 1 = fW + |w. 

And consequently, the Downward Pressure x\ A being equal and 
opposite to the Upward Reaction at A, must also be = £ W + $w. 
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In the same way, by taking moments about the point A, We hava 

B,xBA = WxDA + wxCA 
R 2 xL =W*£L +K7XJL 
(Divide both sides of the equation by L.) 
.•. The tfpward Reaction at B = JW + \u) 

And consequently, the Downvtord Pressure at Bj being e^ual and 
opposite to the Vpward Reaction v& B, must also be equal to 

Example IV.— A uniform beam, 1 2 feet long and weighing 
100 lbs., is supported at both ends, and carries a weight of ± cwti 
at a distance of 3 feet from one end j find the pressure on each 
point of support. 




-160 lbs. 



Take moments round B, then 

R 1 xAB = WxDB + wxCB 
B-j x 12' = 224 x 0/ + 100 x 6' 

... K 1= :^L218 1M. 
12 

To find R a we get — 

Rj + R^Wjw 
.*. B,=t 224 + 100-218 
« 106 lbs. 

Transverse Stress or Bending Moment of Seams. — A 
transverse stress is produced by a force or forces acting perpen- 
dicularly to the axis of a bar or beam. By axis we mean a line 
passing through the centres of gravity of all the transverse or 
cross sections of the bar or beam. 

(1) Load at Middle. — Consider the case of a rectangular beam 
(as represented by the first of the previous figures relating to 
beams), Where the load W is placed at the centre of the beam C, 
about which point we desire to find the transverse stress or bend- 
ing moment. Then, neglecting the weight of the beam itself, and 
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confining our attention solely to the load W, we know from the 

W 

previous proof that an upward reaction = — is produced at A 

and at B. ' ' 

Then, by taking moments about the point 0, we have — 

W L WL 
The Bending Moment, or BM, at = — x - = 




L W L 

> x • • » — • • «> — <• » • — — 
424 

Finding the Binding Moment at Centbe, 
With Load W uniformly distributed along the Beam. 

(2) Load Distributed. — Let AB represent the same beam, but 
with the load uniformly distributed along its length, and still 
neglecting the weight of the beam, we see that the loads on AC and 

W 

on OB are each equal to — , for they together make up the whole 

load W. These loads may be considered as acting at points mid- 
way between A and 0, and midway between B and 0, or each of 

them at a distance = — from C. We have also, as before, the re- 

4 

W 

actions — at A and at B. 

2 
Then, by taking moments about the point C from A or from B, 

we have — 

rm.mr*nWLW - L W/L L\ WL* 

The B.M. at C = - - x ** ' * 



1 2 4 2 \ 2 4/ 



2 224 2 \2 4/ 8 
This, shows that the transverse stress, or bending moment at 

W W 

* The reaction — at A or at B is contrary in direction to -— at either 

the middle of AC or the middle of BO ; consequently, we must take the 
difference of these. moments in order to get the net bending moment. 
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C, is only half the magnitude when the load is uniformly dis* 
tributed that it was, when the whole load was concentrated at the 
centre C. Consequently, a uniform beam of certain dimensions 
will bear double the load, evenly distributed, that it can support if 
the load be concentrated at its middle or about its centre of 
gravity. 

Example V. — A uniform beam 1 2 feet long weighs 400 lbs., 
and is supported at its extremities. Find the bending moment 
tending to break the beam at a point 3 feet from one end, and 
the shearing force. 

Answer. — Here we have only to consider the weight of the 
beam just as if we had been considering a uniformly distri- 
buted load. Consequently, the previous figure will help the 
student, for the point about which we have to take moments is 

3 feet from one end, or — , = \ of the whole length between the 

supports from one end.* Let that point be — from A. Then the 

4 

weight of this part - = \ of 400 lbs. = 100 lbs., and may be con- 

4 

sidered to act at a point -*- from A, or halfway along — from A 

8 4 

W 
and downwards. In the question — = 100 lbs. for the whole 

4 
weight of the beam, orW* 400 lbs. The total weight W pro- 

W 

duces upward reactions at A and at B = — = 200 lbs. 

Then, by taking moments about the point 3 feet from A, wo 
have — 

B»-(fx5-HxJ)-(3f-5)-AwL-»3yg2i»-«O ftn>iL 

N.B.— Students may always check the B.M. result as found 
from one end, by taking moments about the same point from the 
other end. The two results must be equal to each other, for 
there is equilibrium between their effects. Therefore, by taking 
moments about the same point 9 feet from B we have— 



* If the student experiences any difficulty in understanding the above 
reasoning, he should at once draw down a figure to scale, marking all dis- 
tances, weights, reactions, &c., at their proper places. 



2^8 IiEOtuee xxm. 

Or, the same result as before. 

Shearing Foroe. — As was previously pointed out in this Lec- 
ture, and as will be still further oonsidered in the next Lecture, 
the shearing foroe or load at any point or any transverse section 
of the beam is equal to the resultant or algebraical sum of all the 
parallel forces on either side of the point or section. 

Consequently, in this example, the forces on the A side of the 

W 
section, where the shearing foroe is asked for, are — acting verti- 

W a 

cally upwards at A and — downwards. 






The Shearing Force to Left of the Section 

W W W 400 1/w * 1Wl# \, 

= — - — ,= — = - — = 100 lbs*upwards. 

2444 
Tlie Shearing Force to Right of the Section 

= 3W _ E - ^ = 4co - 100 lbs. downwaniB. 
4*44 
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Lbottjbb XXIII.— Questions. 

1. An open link chain is constructed of round wroughMron rod, { inch 
in diameter ; calculate what is a probable breaking load on the chain. 
Wrought-iron chains are liable to deterioration by constant nse ; what 
change do they undergo, and what precaution is taken to prevent their 
breaking ? 

2. A steel punch f inch in diameter is employed to punch a hole in a 
plate { inch in thickness. What will be the least pressure necessary in 
order to drive the punch through the plate when the shearing strength 
of the material is 35 tonsi»r square inch ? (S. and A. Exam. 1890.) Ans, 
51*56 tons. 

3. Define what' is meant by "shearing stress and strain," "torque or 
twisting moment." Show by an example that a shaft subjected to torque 
bears a shearing stress tending to sever it at right angles to its axis. 

4. What is meant by the " twisting moment "of a shaft ? If a wrought 
iron shaft 1 inch in diameter breaks in torsion by a force of 800 lbs. at the 
end of a lever 1 foot long, what force at the end of a lever 2 feet long 
will break a shaft of the same material, but 2 inches, in diameter ? Find 
also the diameter of a wrought-iron shaft to resist a force of 2 tons at a 
distance of 18 inches from its centre. Ans. 3200 lbs. 2 inches full. 

5. If a shaft, 2 inches in diameter, is found equal to the transmission of 
4 horses' power, what amount of power can be transmitted by a shaft 4 
inches in diameter, all other conditions remaining the same f Ans. 32 
horse-power. 

6. If a revolving shaft, which is 2 inches diameter, is found sufficiently 
strong to transmit 4 horse-power, how much power may be transmitted 
by a shaft which is 3 inches in diameter, supposing all the other conditions 
to be the same, and that the iron of both shafts is subjected to the same 
stress f Ans. 13*5 H.P. 

7. If 800 lbs. at the end of a 12-inch lever be a safe stress to apply to a 
wrought-iron bar one square inch in section, find the effort which a shaft 
2 inches in diameter can transmit at the circumference of a pulley vne 
foot in diameter, and making 300 revolutions per minute. Find also the 
horse-power transmitted. Ans. 8893 lbs. ; 254 H.P. 

8. If a wrought-iron shaft of 1 inch diameter is broken by the'torsion of 
a load of 800 lbs. acting at the end of a 12-inch lever, find the weight 
which, when applied to the end of the same lever, would break a shaft of 
the same material, but 3 inches in diameter. State, in general terms, the 
reasoning by which you arrive at the result. (S. and A. Exam. 1891.) 
Ans. 21,600 lbs. 

9. A uniform beam 10 feet long, and weighing 1000 lbs., is supported at 
both ends. A weight of 100 lbs. is placed at a distance of two feet from 
one end ; find the pressure and reaction at each point of support and make 
a side view of the arrangement to scale, marking on your sketch the 
weights, distances, and reactions at each place. Ans. 580 lbs. ; 520 lbs. 

10. Define what is meant by the bending moment and the axis of a 
beam. A uniform beam 10 feet long weighs 500 lbs., and is supported at 
its extremities. Find the bending moment tending to break it at a point 
4 feet from one end. (S. and A. Exam. 1890.) Ans. 600 ft.-lbs. 

11. A beam 12 feet long is supported at its ends, and is loaded with a 
weight of 3 tons at a point two feet from one end. Find the bending 
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moment at the centre of the beam, and also the shearing f oroe. (8. and A. 
Exam* 1891 .) Ans, B.M. — 36 inch-tons, S.F. -0-5 ton. 

12. A bar of pine 44 inches long rests on props at its extremities, and Just 
supports 10 weights, of 14 lbs. each, hung at equal intervals of 4 inches 
along the rod. Find the amount of a single weight which, if hung at the 
centre of the bar, would strain it to the same extent. Ans, ?&2jb lbs. 

13. A batten of fir, 6 feet in length and supported at its extremities, will 
just sustain a load of 520 lbs. when hung at the centre. If this weight be 
removed, and two weights, each equal to F lbs., be hung at distances of 2 
and 4 feet along the bar, what is the greatest value which may be assigned 
to PI Ans. 390 lbs. 

14. A strip of pine, 30 inches in length between the points of support, 
Is loaded with 26 lbs. hung at the centre. If weights of W lbs. are hung 
on the strip at distances of 10 and 20 inches from one end, what is the 
value of W which will produce the same bending moment at the centre as 
in the first instance ? (S. & A. Exam. 1S94.) 
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LECTURE XXIV. 

Contents. — Bending Moment of Cantilevers, (i) Loaded at Centre, 
(2) Load Uniformly Distributed — Bending Stresses— Neutral Surface 
and Neutral Axis — Moment of Resistance opposed to the Bending 
Moment — Strength of Rectangular Beams — Relative Strengths of 
Rectangular Beams supported and loaded in Different Ways— Illustra- 
tions, Explanations, and Formulae for Rectangular Beams supported in 
Different Ways — Comparison of the Loads and Sizes of Beams by Pro- 
portion — Example I. — Different Sections of Cast- Iron, Wrought-Iron, 
and Steel Beams— Questions. 

Bending Moment of Cantilevers. — When a bar or beam is 
fixed rigidly at one end by being built into a wall or otherwise, 
and projects outwards for the purpose of supporting a load, it is 
termed a cantilever. 

(1) Loaded at Outer End. — If, as shown by the following figure, 




Cantilever.— Load at Outer End. 

the load be placed at the outer end, then the maximum bending 
moment occurs at the point of support. 

••• The Maximum B.M. = W x L 

The beam, if of uniform section and material, would be broken 
close to the wall by a load sufficient to overcome the moment of 
resistance of the beam. 

(2) Load Distributed Uniformly. — If the load be uniformly 
distributed, as shown by the following figure, the beam would 
also break close to the wall if the beam was of uniform section and 
material ; but, as we shall see, it would sustain double the load of 
the previous case. Taking moments about the edge of the 
support, we have 

The Maximum B.M. = W x -L = ^ 



r 
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Therefore, since the bending moment is only half what it is in the 
first case, it will take twice the load in the second case to break 
the beam close to the wall. 




Cantilever.— Load Uniformly Distributed. 

Bending Stresses, Neutral Surface and Neutral Axis.— 
If a cantilever be loaded in the manner shown by the two previous 
figures, then the fibres or resisting material of which the beam 
is composed will be subjected to a tensile stress tending to stretch 
or elongate the upper layers ; whilst those in the lower half will 
be subjected to a compressive stress tending to compress or crush 
the fibres. These actions are graphically represented by the 
accompanying figure. There must therefore be one layer or hori- 
zontal longitudinal section which is neither in tension nor in com- 
pression. This surface is known as the neutral surface, and its 
intersection on any transverse section, is called the neutral axis of 
that section, as shown by the small figure on the right hand. 




fleutral S' JffdUn — 



■■U!».. 






Kitttnl J I 



*8fc 



-«38fl 



£* 



<°A/ 



W 



Neutral Surpace and Neutral Axis in a Cantilever 

Loaded at Outer End. 

If a beam be supported at both ends and loaded anywhere 
between the bearings (as shown by any of the four last figures in 
the previous Lecture), then the upper set of layers are naturally in 
compression, whilst the under set are in tension.* 

* It is therefore clear, that a wooden beam may have a saw-cut inserted 
into the upper set of layers without very materially affecting the strength 
of the beam, if the edges come together and jam up the saw-cut in the 
bending of the beam ; or, if a wedge be inserted into the cut so as to 
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Moment of Resistance opposed to the Bending Moment. 
—It can be proved by mathematics, that the resultant 0/ all the 
tensional stresses (on one side of the neutral axis of any transverse 
or cross section of a beam) is equal to the resultant of all the com- 
pressive stresses (on the other side of the neutral axis at the 
particular cross section considered). These two equal and opposite 
forces constitute a couple, whose moment is opposite in direction 
and equal in magnitude to the bending moment at the cross sections. 
It therefore constitutes the moment of resistance of the beam, 
which is opposed to the bending moment. 

Strength of Beotangular Beams. — The resisting moment of 
a cantilever of rectangular cross section, loaded at the outer end, 
as illustrated by the first figure in this Lecture, is expressed by 
the formula—* 

B.M. - &BD> 

Where BM =■ Resisting moment in inch lbs. 

„ k*= Constant number found by trial depending on the 

nature of the material of which the beam is com- 
posed. 
B — Breadth of beam in inches. 
D -b Depth of beam in inches. 

Then if W« Weight or load tending to bend or break beam in lbs. 
And if L » Length of beam in inches. 

The Bending Moment — The Resisting Moment. 
Or, • • • B.M. «■ B.M. 
«.«.,. . . WxL-ixBxD' 

•*• • • • W « /c J 

Hence the general rule, the strength of rectangular beams to resist 
bending is directly proportional to the breadth, to the square of the 
depth, and inversely proportional to the length of the beam. 

Relative Strength of Beotangular Beams supported and 
loaded in Different Ways. — We have already proved the rela- 
tive values of the bending moments for rectangular beams 
supported and loaded in the following ways, and we have also 
proved that the relative bending moments are inversely as the 

transmit the compressive stresses. A saw-cut, however, in the lower side 
would very, much affect the strength of the beam. 

* We shall have occasion to analyse and prove this formula in our 
Advanced Course. 



ft 
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Illustrations, Explanations, and Formulas for Rectangular 
Beams supported in Different Ways. 




Case I.— Fixed at one end and loaded at the other. The bending moment 
has maximum advantage. Therefore — 

Xj 



Load evenly distributed. 




Case II. — Fixed at one end and loaded uniformly. Here the bending 
moment has only J the advantage that it has in Case I. Therefore — 







Case III. — Supported at both ends and loaded at the centre. Hero the 
bending moment has only J the advantage that it has in Case I. 



Therefore — 



W=4fc 



BD 3 




Case IV. — Supported at both ends and loaded uniformly. Here the 
bending moment has only J the advantage that it has in Case J. 



Therefore— 



W=8Jfc 



BD 3 
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relative strengths or loads which they can support. Hence for 
beams: 



Wats nv which Beams are Supported 
and Loaded. 


Relative 
B.Ms. 


Relative 

li.Ms. or 

Strengths. 


I. Fixed at one end and loaded at the other . 
II. Fixed at one end and loaded uniformly 

III. Supported at both ends and loaded at centre 

IV. Supported at both ends and loaded uniformly 


1 

1 
i 
1 


I 

2 

4 
8 



Comparison of the Loads and Sizes of Beams by Pro- 
portion. — We have already stated that the constant numerical 
value represented by k (in the preceding formula for the 
strengths of beams having a rectangular cross section) has to be 
ascertained by trial. The usual way is to take a comparatively 
small beam of the same material, and to support as well as load it 
in the precise manner that the actual beam has to be supported 
and loaded. 

Then, by carefully ascertaining either the breaking load of this 
elementary beam (if it should be the ultimate strength that is 
required), or the load which produces a certain safe ratio of the 
deflection from the horizontal to the distance of the load from its 
support (if it should' be the safe load that is desired), you substi 
tute the numerical values of these loads in the formula, and 
thereby ascertain the probable ultimate strength or safe load of 
the full-sized beam to be used in practice. 

Let w =* Weight or load carried by the experimental beam* 
b = Breadth of the experimental beam in indies. 
d = Depth „ „ „ „ 

1= Length „ „ „ „ 

W = Weight or load to be carried by the full -sized beam. 
B = Breadth of full-sized beam in inches. 
D = Depth „ „ ,, „ 
L = Length „ „ „ „ 

Then, if the two beams are supported and loaded in exactly the 
tame way, we have by proportion — 



n 

99 
99 
99 
99 
99 
99 



b :B : :w: W 
cP :D": :w: W 
L : I : : to : W 
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By combining these proportions we get— 

bdPL : BD a J : : w : W 
Or, . . WxWL = w>xBD a J 

6cPL 

Note — id /MP therefore takes the place hereof the constant h in the 
previous formula. 

Example I. — A bar of teak, i inch square and 12 inches 
between the supports, breaks with a load of 820 lbs. when hung 
at its centre, find the breaking load at the centre of a bar of 
teak, 3 inches broad and 3 inches deep and 7 feet between the 
supports. If the bar be 2 inches broad instead of 3 inches, what 
should be its depth in order to support the same weight at the 
centre ? (S. and A. Exam. 1888.) 

Answer. — Here, in the first case, 6«i"; d=i"\ J— 12"; 
10 = 820 lbs.; B-3"; D-3"; L=»7'-7x i2" = 84". 

Consequently, by the previous formula just deduced— 

W^820x^3X3x^ B 820X3X3X3 = 3le2 . 8 ^ 
1 x 1 x 1 x $p 7 

7 

In the second case we might quite easily substitute the 
numerical values as we did in the first case, and thereby arrive at 
the result ; but it will be seen at once by the student, that since 
the only variable introduced into the second part of the question 
is the breadth, we have only to equate the breadth and depth to 
the constant load W. Thus, by calling B x = 3" ; B, - 2" ; D t = 3" ; 
and D a the depth to be found, we have at once, from the above 
formula, since the load W and everything else are constants, 

B x x T>\ is proportional to W ; 
B, x T>1 is also proportional to W ; 
.•. BjxDJ^B.xD* 
Or, . . 3 "x 9 = 2"xDj 

••• D 2 ~ 7 = 13-5 

•*• Df ^JWS  3-674 inchei. 
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Different Sections of Cast-iron, Wrought- Iron, and Steel 
Beams. — Having shown how the strength of a rectangular beam 
varies directly as the breadth B, and as the square of the depth 
D, it is natural, in the case of materials such as cast iron, 
wrought-iron, and steel (which vary in regard to their resistance 
to extension and compression), that we should endeavour to show 
how these materials may be most economically disposed, so as to 
withstand the greatest load for a minimum of weight and cost 
In the case of wooden beams, where it is found unprofitable to 
make them into any other shape, than the plain rectangular form 
— unless it be for purely architectural or artistic purposes — we 
only considered their strength when of that particular section ; 
but it becomes quite another matter, when we have to consider 
the case of iron, for this material in its various modifications may 
be cast or rolled into any required shape, and therefore the 
weight and disposition of the material ha ?e a special bearing upon 
the cost and strength of iron beams. 

Cast-Iron Beams or Girders. — The term girder is technically 
applied to beams of cast-iron, wrought-iron, or steel, which are 
used for spanning comparatively long distances, such as road 
or railway bridges, or large warehouses. As will have been 
observed from the table of ultimate strengths 
in Lecture XXII., the ratio of the ultimate 
strengths of cast-iron to compression and 
tension is as 45 to 7*5 tons ; and further, 
since the stress on any material of which a 
beam may be composed is smaller and smaller 
the nearer the neutral surface, it is but 
natural that we should make the upper 
flange of a cast-iron beam which is supported 
at both ends smaller than the lower one, since Section of a 
the upper flange, being in compression, will Cast-Ibon Beam. 
obviously maintain a stress six times as great 
as an equal section in the lower side. On the other hand, if the 
cast-iron beam is of the cantilever type, where the upper side is 
subjected to tension and the lower side to compression, we should 
make the upper flange about six times as strong as the lower one. 
In practice, however, for the sake of obtaining a sound casting, 
{i.e., having regard to the way in which the crystals of the metal 
naturally arrange themselves), the flange in tension is only made 
about four times the cross sectional area of the flange in com- 
pression as will be seen from the accompanying figure. 

For vertical columns of cast iron, where the stress is purely one 
of compression) the H form is provided with flanges of the same 
dimensions at each end of the web, or, to come to the most 
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common form of strut — viz., that of the vertical cylindrical 
column — -the section is that of a circle, or an O, since the stress is 
equally disposed throughout the cross section of the material. 

Wrought-Iron Beams and Girders.— Referring to the 
same Table of Ultimate Strengths and Working Loads in Lecture 
XXII., we see that the resistance to tension is 25 tons per square 
inch and to compression 20 tons, but from an average of a large 






Ceoss Section of 
a Wrought-Iron 
Beam. 



Cross Section of 
a Wrought-Iron 
Box Girder. 



Cross Section of Chan- 
nel Iron. — Strength 
' is largely due to the 
Depth of the Sides. 




Ordinary L Iron. Special L Ibon Ordinary T Iron. Steel 

for Heavy Beam. 

Loads. 

Cross Sections of Wrought-iron and Steel Beams. 

number of specimens it is found that the resistances to those two 
kinds of stresses is about the same. Consequently, the material 
may be disposed of equally between the top and bottom flanges, 
and remembering that the stress at the neutral surface is zero, 
we have only to connect the flanges with a sufficient thickness 
of metal to keep them together and to transmit the vertical 
shearing stresses. Wrought-iron beams and girders are therefore 
constructed of the forms shown by the first two figures above* 
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In special cases, such as ship-building and bridge-building, 
different forms of angle iron, T iron, and channel iron are used, 
as shown by the next four figures. 

Steel Beams.* — Referring once more to the Table of Ultimate 
Strengths and Working Loads in Lecture XXII., we see that the 
resistance of steel to tension is only 45 tons per square inch of 
cross section, whereas it withstands 70 tons per square inch 
against compression. Consequently, in forming beams of this 
material, where the beam is supported at both ends, and the load 
is either placed in the middle or distributed, the bottom flange 
which is in tension must be made about double the cross area or 
weight of the top one, as shown by the last figure. 

We have merely touched the fringe of this important subject 
on metal beams. We shall therefore have to return to it again 
in the Advanced Course. 

* The Author is indebted to Messrs. P. and W. MacLellan, the well- 
known manufacturers of cast-iron, wrought-iron, and steel beams, for the 
full-size drawings of the various sections from which these reduced figures 
have been made by the Publishers, with the aid of photography. 
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Lecture XXIV.— Questions. 

1. A wooden beam, supported at both ends and loaded in the middle, 
may have a saw-out made upon the upper side without affecting the 
strength to an appreciable extent (if a wedge is inserted). How do you 
account for this result ? 

2. It will be observed that wooden beams are usually made rectangular 
in form, the depth being greater than the width. State the advantage that 
is derived from this form of arrangement, and the relation of strength in 
proportion to depth, width, and distance between the supports. 

3. State the relative strengths of similar rectangular beams under the 
following varying conditions : — 

(a) When fixed at one end and loaded at the other. 

(b) „ „ and load distributed. 

(c) When supported at both ends and load at centre. 

(d) „ „ „ „ distributed. 

4. Oiven that a rectangular rod of fir, 10 inches long, 1 inch broad, and 
I inch deep, and supported at both ends, will just sustain 540 lbs. , when 
hung at its centre ; what should be the depth of a bar of like wood 5 feet 
long and 2 inches broad, and supported at both ends, in order to support a 
load of I of a ton when hung at its centre ? Ans. 3*05 inches. 

5. A wooden beam is commonly rectangular in form, the depth being 
greater than the breadth. State the law according to which the strength 
of the beam to resist a cross or transverse stress is connected with the 
breadth and depth. Two beams are of breadth 5 and 6 inches, and of 
depths 8 and 9 inches respectively ; write down the numbers which re- 
present their respective strengths in resisting transverse stresses. Ans. 
160 : 243. 

6. Two wooden beams are each loaded in th6 centre and supported at 
the ends ; one is solid and measures 8 inobes x 8 inches in cross section ; 
the other is made up of two beams each 8 inches broad and 4 inches deep, 
and placed one over the other so as to have the same sectional area as 
before. Will there be any difference in the breaking load of the beams, 
and if so, how much will it be ? State the reasoning on which you rely. 
(S. and A. Exam. 1889.) 

7. There are two beams of the same kind of timber, each of which is 
supported horizontally by props at the ends. One beam is 10 feet long, 
7 inches broad, and 5 inches deep, while the other is 13 feet long, 5 inches 
broad, and 7 inches deep, which beam will bear the greatest load on its 
centre ? Ans. W ? : W 2 : : 13 : 14. 

8. A beam of timber, rectangular in transverse section, is 2 inches broad, 

3 inches deep, and 4 feet in length, and rests upon supports at its ends. 
The breaking load on the centre is 2000 lbs. What would have been the 
breaking weight if the beam had been 4 inches deep, 2 inches broad, and 

4 feet between the supports, but loaded at a distance of 1 foot from the 
end? (S. and A. Exam. 1887.} Ans. 4740*74108. 

9. Find the breaking weignt at the centre of a beam of Memel fir, 
12 inches deep, 10 inches wide, and 20 feet between the points of support. 
The breaking weight at the centre of a beam 1 foot long and 1 inoh square 
is 545 lbs. Ans. 39,240 lbs. 

10. A rectangular batten of fir, 6 feet in length, 2 inches broad, and 
3 inches deep, is supported at its ends and can sustain a weight of 1 100 lbs. 
when hung at the centre. If the load were equally distributed instead of 
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being hung at the centre, how much would the batten support ? Ans. 
2200 lbs. 

1 1. A rectangular beam of timber is supported at both ends, and can just 
bear a weight of W lbs. evenly distributed without breaking. If the load 
were all brought into the centre, how much should the breadth of the beam 
be increased, the depth remaining unchanged ? Again, if the breadth 
were to remain constant, by how much should the depth of the beam be 
increased 7 Explain clearly the reasons for your answer. Ans. Twice ; 

V2 times. 

12. A rectangular beam of timber supported at both ends, and of a given 
breadth and depth, just supports a load, W, at its centre. If the load be 
shifted to a point halfway between the centre and one end, by how much 
may the depth be reduced ? Ans. 13*4 per cent. 

13. Show, with sketches, the best forms and sections of flanged beams, 
(1) of cast iron, (2) of wrought iron, when supporting a load at the centre, 
and state the reasons which determine the particular forms. 

14. Explain why iron girders are made with flanges at the top and 
bottom united by a web of metal, instead of being rectangular in section. 
What condition decides which of the two flanges shall contain the most 
metal? 

15. Girders for carrying a load on their top flange, if of cast iron, have 
the section of metal on the bottom flange greater than on the top flange, 
but when made of wrought iron this rule does not hold. Why is this ? 
Sketch a section of an ordinary cast-iron girder to carry a wall over a 
gateway, and of a wrought-iron plate girder for the same purpose. (S. and 
A. Exam. 1890.) 

16. A beam of wood, rectangular in section, is fixed at one end and 
loaded at the other. What is occurring at various places in any imaginary 
cross section ? Sketch any thing you have seen or used which illustrates 
your ideas about bending. (8. & A. Exam. 1897.) 

17. Uniform beams of timber of the same sizes are loaded and supported 
as follows : 1. Loaded at one end, and fixed at the other. 2. Fixed at 
one end, and uniformly loaded all over. 3. Supported at the ends, and 
loaded in the middle. 4. Supported at the ends, and loaded uniformly all 
over. 5. Fixed at the ends, and loaded in the middle. 6. Fixed at the 
ends, and loaded uniformly all over. What are their relative strengths ? 
What are their relative stiffnesses ? Where is each most likely to break? 
(S. & A. Exam. 1898.) 
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LECTURE XXV. 

Contents.— Hooke's Coupling or Universal Joint— Double Hooke's Joint 
—Sun and Planet Wheels— Cams— Heart Wheel or Heart-shaped Cam 
— Cam for Intermittent Motion— Quick Return Cam— Example — 
Pawl and Hatchet Wheel— Reversible Pawl— Masked Ratchet— Silent 
Feed— Watt's Parallel Motion— Parallel Motion— Questions. 

In this and the following Lecture we shall examine a few of the 
many devices for transmitting circular motion and for converting 
it into rectilinear motion, or vice vend, together with other 
miscellaneous mechanisms. 

Hooka's Coupling or Universal Joint. — This is a contrivance 

sometimes used for connecting two intersecting shafts, Each of 

n, the shafts ends in a fork, F„ F„ 

which embraces two arms of the 

crosspieee, 0. The four arms of 

this cross are of equal length. As 

0, rotates, F ( and F, describe 

circles in planes perpendicular to 

their respective axes. Since these 

planes are inclined to each other 

the angular velocity of C, at any 

Hookb's Joint. instant is different from that of C„ 

but the mean angular velocities are 

equal to one another, because at one instant C, goes faster than C,, 

and at another slower. This joint will not work when the two 

shafts are inclined at 90°, or any smaller angle, to each other. 

Double Hooka's Joint. — The variable velocity ratio obtained 
with a Hooke's joint may be obviated by the use of two joints 
instead of one. The forks are connected by an intermediate link, 
C,, which must be carried on corresponding arms of the two 
crosses, as shown in the next figure. If the intermediate shaft 
be equally inclined to the other o, N 
two shafts, theirregularitiescaused 
in the motion by its transmission 
through the first coupling are 
exactly neutralised by the equal 

and opposite ones caused by the ,, , T 

second joint. Tho first and third Do »" J ' Hoom ■"»"■ 
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shafts, therefore, revolve with the same velocity at every instatt. 
The double joint works equally well whether the two extreme 
axes are inclined as shown in the figure, or are parallel to each 
othor but not in line. 

Both the single and double Hooke's joint are, as a rule> used 
only for light work, such as for astronomical instruments. 

Sun and Planet Wheels. — This device was invented by Watt 
to convert the oscillatory motion of the beam in his engines into 
the circular motion of the flywheel. As will be seen from the 




-Sri 



Sun and Planet Wheels. 



first figure, it consists of a wheel D, rigidly fixed to the connect- 
ing rod D B, and kept in gear with another wheel C, by the 
link DEC. The wheel C, is keyed to the flywheel shaft. As 
tho beam oscillates up and down, the connecting-rod pulls D up 
one side of C, and pushes it down the other. It thereby causes 
C to rotate, and with it the shaft and flywheel.* 

Cams. — Cams are usually of the form of discs or cylinders. 
They rotate about an axis, and give a reciprocating motion to 

* See Vol. I., Lecture XIX., of the author's text-book on "Applied 
Mechanics " for a description of epicyclic trains and the application of the 
formula to this case. Watt first applied this motion to his " Doable Acting 
Steam Engine" in 1784. See Lecture XVIII. of the author's elementary 
manual on "Steam and the Steam Engine." 
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Some point in a rod by means of the form of their periphery or 
surface, or by grooves in their surface. 

The cam generally revolves uniformly round its axis, whilst the 
reciprocating motion may be of any nature, depending on the 
shape of the cam, and may be in a plane inclined at any angle to 
the axis of rotation. In the following examples, uniformity of 
rotation is assumed in the case of the cam, and the motion of the 
reciprocating piece takes place in a plane perpendicular to the 
axis. 

Heart Wheel or Heart-shaped Cam. — Suppose that it is 
required to give a uniform 
reciprocating motion to a 
bar moving vertically be- 
tween guides, and in a line 
passing through 0,the centre 
of motion of the cam plate. 

Let the sliding bar be at 
its lowest position, as shown, 
and when in its highest 
position let its extremity be 
at the point 6. The distance 
thus moved is called the 
travel and will be passed over 
during one-half revolution 
of the cam. The required 
curved outline may be ob- 
tained in the following 
manner : — With centre 0, 
describe circles passing 
through the extreme posi : 
tions of the end of the rod. 
Divide the travel into, say, 
six equal parts at the points 

i, 2, 3, &c. Divide the semi-circumference into the same number 
of equal parts by radial lines C i', 2', &c. Then with centre C, 
draw the concentric arcs 1,1'; 2, 2 ; ; &c, intersecting these radii 
in the points i', 2', 3', &c. The dotted line drawn through these 
points will represent the required curve. 

If the end of the sliding bar rests on this curve it is clear, that 
for equal angles turned through by the cam, the bar will move 
outwards through equal distances, and consequently, will have 
uniform linear motion imparted to it. The return motion will 
evidently be obtained by the similar and equal curve 1", 2", 3", 
&c., on the opposite side of the cam. 




Hkabt-shaped Cam. 
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A cam so formed would impart the required motion to a point. 
If the end of the sliding bar be provided with a roller in order to 
diminish the friction, then the shape of the cam must be altered 
so that the centre of the roller shall move over the outline of the 
cam as traced above. To accomplish this, we must draw a curve 
inside the original one by describing small arcs with centres on 
the original curve as at 1', 2', 3', <fec., with a radius equal to that 
of the roller, and then by drawing a smooth curve touching these 
arcs, as shown by the heavy line in the figure. 
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Cam Giving an Interval of Ricst. 



Cam Giving a Quick Return. 



Cam for Intermittent Motion. — Sometimes the motion 
imparted by a cam is intermittent. For instance, a common 
form of lever punching machine is fitted with a cam which gives 
the punch an upward movement, then a period of rest, and 
finally a downward movement during each revolution. As an 
example of this, let us set out a cam to impart vertical motion 
to a bar, so that the latter shall be raised uniformly during the 
first half revolution, remain at rest during the next one-sixth, 
and descend uniformly during the remainder of the revolution. 

As before, suppose the reciprocation to be in a line passing 
through C, the centre of motion of the cam plate. Then, with 
centre C, draw circles passing through the extreme positions of 
the end of the bar. Divide the circumference into three parts 
corresponding to the periods of one-half, one-sixth, and one-third 
revolution, by drawing radial lines making angles of 180 , 6o°, 
and 120 . Since the motion is to be uniform, divide the travel 
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into a convenient number of equal parts, say twelve ; and the 

circumference into the same number of equal parts by radial lines. 

Draw the concentric arcs 2, 2"; 4, 4"; &c., and 3, 3'; 6, 6'; &c., 

as shown. The curves through 

the points so determined will 

give the required motions. The 

interval of rest will evidently be 

given by tho circular portion 

from 12" to 12'. The complete 

outline is represented by the 

heavy line in the diagram. 

Quick Beturn Cam. — The 
student will readily understand 
from the right-hand figure, that 
if two-thirds of a revolution be 
occupied in raising the motion 
bar and the remainder in lower- 
ing the same, the return stroke 
will be performed in half the 
time of forward stroke. The 
curves of this cam are found in 
the same way as in the previous 
examples. 

Example. — A vertical bar, 
moving in guides, is driven by 
a circular cam plate having a 
centre of motion in the centre 
line of the bar. The distance 
from the centre of motion to the 
centre of the plate is 2 inches, 
and the bar exerts a pressure of 
10 lbs. when rising, but falls by 
its own weight. Find the work 
done in 100 revolutions of the 
plate. 




CM 



Circular Cam Plate. 

Index to Parts. 

G represents Guides. 
V B „ Vertical bar. 

S R „ Sliding roller. 

C C P „ Circnlar cam plate 

C P „ Centre of plate. 

C M „ Centre of motion. 



Answer. — Since the distance between the roller S It, and the 
centre of the plate C P, remains constant as the plate revolves, 
it is evident that the bar will move as if it were actuated by a 
crank of length equal to the distance between M and C P, and 
a connecting-rod of length equal to the radius of the plate. Hence, 
the stroke of the bar will be 4 inches, or J foot — i.e., twice the 
length of the equivalent crank. Neglecting friction, the work 
done in raising the bar by one revolution of the plate, will be :— 
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Pressure x distance moved = 10 x J ft.-lbs. 



••• Work done in ioo revolutions =iooxioxJ = 333*3 ft.-lbs. 

Pawl and Ratchet Wheel. — A toothed wheel which is acted 
upon by a vibrating piece, termed a click or pawl, is called a ratchet 
wheel. Ratchet wheels are made in many different forms, and are 
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Pawl and Ratchet. 



used for a variety of purposes. For instance, clocks and watches 
are usually provided with ratchet wheels to allow the spring or 
weight to be wound up, without disturbing the rest of the works, 
and they are used to drive the feeding arrangements of many 
machines. When, as in the latter case, the click or pawl drives 
the ratchet wheel, it is carried on a vibrating arm. In the first 
figure, A B is the vibrating bar which drives the ratchet wheel, 
by means of the click B 0, and teeth C, when moving in the 
direction shown by the arrow. When A B moves back to A B', 
the click slides over the top of the next tooth and drops behind it. 
It is then ready to drive the wheel through the space of another 
tooth when A B again moves forward. While the pawl is moving 
back from B to B', the wheel is prevented from moving with it 
by another pawl or detent, 6 0. In this case, the vibrating bar is 
on the same axis as the ratchet wheel ; but this is not always 
so. The reactions between the teeth and the pawl keep them in 
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contact with each other. The resultant pressure of the teeth on 
the pawl must therefore'be such, that its moment tends to turn the 
pawl towards A, the centre of the ratchet wheel. This condition 
evidently is satisfied if C D, the direction of the resultant pressure 
at 0, passes between A and the axis B, about which the pawl 
turns. Similarly, the moment of the resultant pressure on the 
detent must tend to turn it towards A, but its direction, d C (not 
C d), must lie outside A b, because this detent ends in a hook. 



,0 







Revebsible Click. 



Both pawls might have been like B C, which acts by pushing, or 
both hooks, which act by pulling, like b C. The pawls are pressed 
against the ratchet by their own weight, or by springs, according 
to circumstances. When a ratchet wheel is used only to prevent 
the recoil of the axis on which it is fixed, the vibrating arm is, of 
course, not required, and only the detent is used. 

Reversible Pawl. — The above figure shows a form of click used 
in the feed motion of shaping and other machines. The ratchet 
wheel is here an ordinary toothed wheel, and the click B C is so 
shaped as to be able to drive it either way. When the click is in 
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the position shown in full lines, it drives the ratchet wheel in 
the direction of the arrow. When the wheel is required to rotate 
the other way, the click is lifted over to the dotted position ; and, 
if it be desired to stop the feed motion without stopping the 
machine, the click is put in an upright position. A portion of 
the pin at B, which turns with the click, is triangular in section. 
A spring presses on this part and so keeps the click in any one 
of its three positions. The ratchet wheel is keyed to A, the axis 
of the screw which moves the slide carrying the cutter, and the 
friction between this screw and its nut is sufficient, without any 
detent, to prevent the ratchet from moving back. The vibrating 
arm A B, which carries the click is driven by a small eccentric 
or crank. The pawl may, of course, be made to move the ratchet 
more than one tooth at a time by adjusting the angle through 
which A B vibrates. 

Masked Ratchet. — In numbering machines it is often necessary 
to print the same number twice, as in cheques and their counter- 
foils. The ratchet which shifts the type wheels must therefore 
be moved at every alternate back-stroke of the printing machine. 
This may be accomplished by putting a second ratchet, running 
free on the shaft, alongside the driving one and making the pawl 
broad enough to move both. The second ratchet has the same 
number of teeth as the other, but its teeth are made alternately 
deep and shallow. It is also a little larger than the driving 
ratchet, so that the pawl passes over the top of the teeth of the 
latter, without moving it, when in a shallow tooth. Next stroke 
the pawl drops into a deep tooth. This allows it to catch the 
teeth of the main ratchet and so shift the type wheel. This 
arrangement is called a masked ratchet. 

Silent Peed. — A ratchet wheel is always more or less noisy in 
action, and the wear caused by the sudden drop of the pawl is 
considerable. To avoid this, a friction catch is sometimes sub- 
stituted for the pawl and a grooved wheel for the toothed one. 
The pawl and ratchet then becomes a silent feed. The action of 
this arrangement will be easily understood by a reference to the 
figures. E is an eccentric cam tapered at its edge to fit the ( 
groove in the grooved wheel G- W. When E C moves in the ' 
direction of the arrow the friction causes it to turn about its axis, 
and, since the axis is not concentric with the circular part of its rim, 
it gets wedged in the groove. Hence, for the rest of the stroke, the 
lever carries G W round with it. At the beginning of the return 
stroke, E C turns in the opposite direction, and so gets released 
from the groove. A detent E D, precisely similar to E C, but 
carried on a fixed arm, prevents the wheel from moving back- 
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wards. The lever L L, is worked by an eccentric, and the length 

of its stroke may be adjusted by altering the position of the end of 
the eccentric rod E R, in the slot. The full-page illustration shows 
a sawing machine, with this feed motion at tho right-hand side. 



Index to Parts. 

GW for Grooved wheel. 
E ,, Eccentric cam. 

I, „ Lever. 
E D „ Eccentric detent. 
E It „ Eccentric red. 



Wobssah's Silent Feed, 
Watt's Parallel Motion. — Referring to tho illustration of 




Witt's double-acting engine, previously mentioned in this Lecture, 
the student will notice that the beam and piston-rod are connected 
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by a set of links. This system of links has been called Wait's 
Parallel Motion. The first figure will serve to show the principle 
on which an approximate rectilinear motion is obtained. Part 
of the beam of the engine is shown in three different positions, 
C T p T„ and C T s . The point, T, in it is connected by the 
link, T $, to the end of a lever or radius rod, c t, pivoted at c. 
In their mid positions, T„ c t a1 these two levers are usually 
parallel to each other, and perpendicular to the line PjP^Pj. 
The point, T, describes an arc of a circle round 0, and t round c. 
As these arcs curve in opposite directions, we should expect 
some intermediate point on the link T t, to curve in neither 
direction, but to describe an approximate straight line. This 

p 4 Q rn 

point P may be found by making -^m = — — . The actual path 

of P is like the figure 8, and the parts which cross are very nearly 
exact straight lines for a short distance on either side of the 
crossing. 

Prof. Rankine gives the following construction for the lengths 
of the links in his Machinery and MiUwork . — Let A be the centre 
of the beam, Q D the centre line of the piston-rod's motion, and B 
the mid position of its end. Draw A D perpendicular to G D. 
Make D E equal to one-fourth of the stroke, and join A E. Draw 
E F perpendicular to A E, and meeting A D in F. A F is the 
length of the beam. If G be the point where the radius rod cuts 
G D, draw G K at right angles to G D, and make D H equal to 
G B. Join A to H, and F to B, and produce A H and F B to 
meet G K in K and L. Then, F L is the connecting link, K L is 
the radius rod, and B is the point on the link F L, to which the 
piston-rod must be attached. 

Parallel Motion. — In the accompanying figure A B T t is a 
parallelogram, and c is a point in A t produced. In the meantime 
we will leave the links T and B D out of account and consider 
the parallelogram only. Join B c and we have two similar 
triangles, BAc and P t c. 

Vt tc tc 

••• g-r- = jr-. Or, P $ = B A -r— =■ a constant. 

That is, in every position of the parallelogram, the point P 
remains in one fixed position in the link T t. Moreover the ratio 
Be. 
p^ is constant, and, therefore, whatever path P traces out, B will 

trace out a similar one This is the principle of the pantograph, 
which is used for enlarging or reducing drawings. Now, we have 
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just seen how we may make P move in an approximate straight 
line by the link T. B will, therefore, also move in an approxi- 
mate straight line. We might have guided B instead of P with 
a radius rod, but this would have necessitated longer and heavier 
links and would have occupied more space. 

In applying this motion to his engine, Watt made Ate the 
beam, and attached the piston-rod to B and the air pump-rod to 



sOC 




Parallel Motion. 



Parallel Motion for Richard's 
Indicator. 



P. The lengths A c, t c were, therefore, proportional to the strokes 
of the piston and pump bucket respectively. Sometimes a third 
link was added so as to get a second parallelogram and a second 
point moving parallel to P, and this was used to drive the feed- 
pump. 

The right-hand figure shows the parallel motion of Richard's 
steam engine indicator.* The student will at once see that it is 
a modification of Watt's parallel motion. In this case the piston- 
rod PR is guided by a collar so as to move vertically, and is 
attached by the link E F to the bar C D, between D ancf the 
centre C. The motion of p, to which the pencil is attached is, 
therefore, a magnified copy of the piston's motion. 

* See Lecture XVI. of the author's " Elementary Manual of Steam and 
the Steam Engine " for a description of this indicator. 
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Lecture XXV.— Questions. 

1. Describe Hooke's joint for connecting two axes whose directions meet 
in a point. (S. & A. Exam. 1895.) 

2. Sketch and describe the double Hooke's joint, and explain why it is 
used in certain cases in preference to the single joint. 

3. Explain the manner in which Watt used the so-called Sun and Planet 
Wheels as a substitute for a crank and connecting-rod, and account for the 
result which he obtained. (S. & A. Exam. 1892.) 

4. Sketch a cam for giving a bar a uniform reciprocating motion, and 
explain how you find the form of its periphery. 

5. Set out a form of cam which, when acting on a bar by uniform 
rotation, will cause the backward and forward motion of the bar to have 
an interval of rest between each. (S. & A. Exam. 1888.) 

6. Describe, by the aid of the necessary sketches, how the circular 
motion of the driving pulley is converted into the reciprocating motion of 
the punch in an ordinary machine for punching holes in metal plate3. 
Calculate the approximate maximum pressure in pounds at the end of a 
punch in cutting a hole 1 inch in diameter through a steel plate j inch 
thick, the resistance of the plate to shearing being taken as 50,000 lbs. per 
square inch of section. (S. & A. Exam.. 1894.) Am. 98,175 lbs. 

7. Describe the nature of a cam, and give any examples you know of for 
which it is used. (S. & A. Exam.) 

8. What is a cam ? Show, with a sketch, how to obtain by means of a 
cam a motion in a direotion parallel to the axis of rotation. (S. & A. 
Exam. 1887.) 

9. What is a cam ? For what purposes in mechanism are cams generally 
used ? Sketch and describe the construction and actual form of a cam in 
use in any machine with which you are acquainted. Sketch a cam which 
would give a slow forward and quick return motion to a reciprocating 
piece, with an interval of rest between the two motions. (S. & A. Exam.) 

xo. How is a cam in the form of a heart set out, so that when the cam 
rotates uniformly it may cause a sliding piece to move to and fro with a 
uniform velocity ? (S. & A. Exam.) 

11. Determine a form of cam which, by rotating uniformly, will com- 
municate a reciprocating movement to a sliding bar, but with an interval 
of rest at the beginning and end of each stroke. (S. & A. Exam.) 

12. Sketch a pawl and ratchet wheel as used for preventing the recoil of 
the gear. 

13. Describe a ratchet wheel, and the manner in which it is held and 
driven. Show its application in a ratchet brace where it is combined with 
a lever and screw. Sketch the contrivance, and point out the manner in 
which the drill is advanced. (S. & A. Exam.) 

14. Sketch a ratchet feed motion, such as is suitable for a planing 
machine, and explain the manner in which the amount of feed is regulated. 
(S. & A. Exam. 1892.) 

15. What is a ratchet wheel, and how is it driven ? In what way can it 
be arranged that a ratchet wheel shall advance half the space of a tooth at 
each stroke of the driver ? (S. & A. Exam.) 

16. By what contrivance may a ratchet wheel with 60 teeth be made to 
act as if it had 120 teeth ? (S. & A. Exam.) 

U 
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17. Sketch and describe some form of pawl which will drive a ratche 
wheel during both the forward and backward strokes. 

18. It is sometimes useful to advance a ratchet wheel at every alternate 
forward stroke of the driver, instead of at every stroke, as is commonly 
the case ; describe and sketch a mechanical contrivance which will give 
such a movement. 

19. Describe, with the necessary sketches, some form of silent-feed 
arrangement commonly used instead of a ratchet wheel, for advancing the 
timber in sawing machines. Explain the principle of the friction grip upon 
which such a contrivance depends. (S. & A. Exam. 1893.) 

20. A pinion with 20 teeth works in a straight rack, the distance from 
centre to centre of the teeth in the pinion being J inch. The pinion is 
driven by a ratchet wheel with 40 teeth fixed on the pinion shaft ; find 
the advance of the rack in inches for each tooth moved through by the 
ratchet wheel. (S. & A, Exam.) Am. '25 inch. 

21. Sketch and describe a vertical sawmill, showing how the silent feed 
is applied. 

22. Explain the principle of Watt's approximate straight-line motion, 
commonly called a "parallel motion. " By what combination of linkwork 
is an exact straight-line motion obtained? (S. & A. Exam. 1893.) 
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LECTURE XXVt. 

CoNTBSTa— Reversing Motions— Planing Machine— Reversing by friction 
Cones and Bevel Wheels— Whitworth's Reversing Gear— Quick Return 
Reversing Motion— Whitworth's Quick Return Motion— Whitworth's 
Slotting Machine — Common Quick Return — Horizontal Shaping 
Machine— Quick Return with Elliptic Wheels -Vertical Slotting 
Machine — Q a estions. 

Bevorsmg Motions. — Planing Machine. — In Lecture XL 
we illustrated and described a belt reversing motion for uniform 
forward and return speeds and also for a quick return as applied 



Horizontal Planing Machine with Quick Return Belt 
Gearing rv Messrs. J. Arctidale & Co., Birmingham. 

to pinning machines. The above figure will serve to show the 
manner in which the quick return and slower forward motions 
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are applied to a modern planing machine. Here, the smaller 
fixed and loose pulleys are situated to the extreme left, whilst the 
larger ones are placed alongside of them. The pulleys are 
connected by underneath toothed gearing with the rack of the 
moving table upon which the material to be planed is bolted. 
The under side of this table has two straight, truly planed and 
scraped V-shaped surfaces, which accurately fit corresponding 
V grooves on the upper surface of the strong heavy bed plate. 
Two vertical standards, with planed and scraped surfaces on their 
front faces, serve to guide the cross-piece which carries two tool- 
holders. An up and down motion is given to this cross-piece by 
means of the uppermost handle, spindle, two pairs of bevel 
pinions and vertical screws actuating nuts connected to the back 
of it. A horizontal motion is given to the tool-holders by the 
lower right-hand handle and horizontal screws. The tool-holders 
themselves are adjustable up and down by handles and screws as 
shown. They may also be so set as to cut at any angle, or a 
horizontal tool-holder can be fixed upon one or other of the 
upright standards to plane vertical surfaces. All the above- 
mentioned motions may be actuated from either side of the 
machine. 

We shall now illustrate and describe several other forms which 
are frequently used in connection with machinery of different 
kinds. 

Reversing by Friction Cones and Bevel Wheels. — In the 

first of the two following figures, the 
two cones B and are fixed to the 
shaft DD, which can be moved up 
or down so that the cones B or 
may be alternately brought into con- 
tact with the other cone A, which is 
fixed to its shaft. Suppose A to be 

ii| C | tgjijiji :r— j the driver; then, when it is in con- 
|| E j; :|| |P^ tact with B, the shaft DD will be 
J. 11. iii!! turned in one direction, and when in 

contact with C it will be rotated in 
the opposite way. The spindle or 
shaft DD may, however, be driven 
by a belt or toothed gearing, and con- 
sequently when A is in contact with 
B, it will be turned in one direction 
and when in contact with C it will 
be rotated in the opposite way. This device is frequently used 
in connection with governors for engines, in order to lengthen or 



• 




Friction Cone Reversing: 
Gear. 



whitworth's reversing gear. 
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shorten the rod to >the throttle valve or cut-off gear and thus 
enable the governor balls to regain their normal position, without 
altering the quantity of steam being admitted. 

If we require to transmit more force than the friction between 
the cones will effect without 
slipping, then we must substi- 
tute toothed bevel wheels for 
plain cones. In. such a case, if 
the speed and stress were con- 
siderable the sudden engagement 
of the wheels on one side or the 
other would be apt to damage 
the teeth; hence, it is usual 
with steam cranes, winches, 
windlasses, screwing gear, <kc, 
to have £ and free to rotate 
upon their shaft D D, and 
always in gear with A, as shown 
by the second figure. The re- 
versal in this case is effected by 
means of the clutch E, which 
can be slid along a feather on 
the shaft by the lever, so as to 
engage B or C and thus make 
it turn with the shaft. It will 

be easily seen that the direction in which A will rotate depends 
upon whether B or C is locked to the shaft D D. 

Whitworth's Reversing Gear. — Another modification of this 
gear is that made by Sir Joseph Whit worth & Cb. for planing 
machines. In this case, the reversal is effected by shifting the 
driving belt by the fork B F, from the forward pulley F P to the 
backward one B P. The latter is cast in one piece along with or 
keyed to the boss of the bevel wheel B W,, which runs loose on 
the shaft S ; whilst, the former and also B W 2 are rigidly con- 
nected to this shaft. A loose pulley L P is placed between the 
forward and backward ones in order to facilitate the shifting of 
the belt from the one to the other and to carry the belt when the 
machine is not at work. The table T upon which is placed the 
casting or other material to be operated upon, has a strong nut 
fixed upon its under side, and is moved along the bed or slide T S 
by the driving screw DS. This screw is keyed to the bevel 
wheel B W 3 and is consequently driven in a forward or backward 
direction according as the belt is on FP or BP. In order to 
save the time that would otherwise be wasted if the cutting tool 



Bevel Wheel and Clutch 
Reversing Gear. 
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wan so fixed as to cut mono direction only, Sir Joseph Whitwort.li 
designed a cylindrical revolving tool-holder, which automatically 
turns the tool half round at the end of each stroke of the table. 
The rovcrsal of the motion of the table is automatically effected 
by its pushing the reversing stops E S, (and R S, not shown in the 
figure) as it nears the end of a stroke. These stops are fixed in 



Wihtwortii Reversing Gear. 

such positions npjnu rod connected to the reversing levers RL, 
as to shift the tielt fork at the proper time and thus give the 
required length oE stroke. 

Quick Return Reversing Motion. — Another form of re- 
versing motion, used for planing machines which only cut one 
way, is made up of a train of spur wheels and a rack It. As in 
the previous case, there are three belt pulleys, each of the outer 
ones being connected to a separate pinion. One of these pinions, 
D P„ drives the rack on the planing table through a spur wheel 
F, and pinion P fixed on an intermediate shaft; the other, DP,, 
which is connected with F P, transmits its motion through another 
pair of wheels F, and I),. This will cause the rack and table to 
move in the opposite direction, and as these wheels are made of 
unequal sizes, the motion is also slower than when driving 
through D P,. This slower motion is used for the cutting stroke 



whitwobth's quick ketcks motion. 3 1 I 

and the quicker one for the return stroke. The reversal is 
effected by shifting the belt from F P to B P, or vice ver«4, as in 
the Whitworth gear. 



QtnoK Return Reversing Gear for Planing Machines. . 

Whitworth's Quick Return Motion. — In a shaping or 
slotting machine the bible carrying the work is fixed and the tool 
moves over it, cutting in one direction only. In such a case, the 
tool usually obtains a reciprocating motion from a compound 
crank, so arranged as to give a quicker return stroke in order to 




Quick Return Motion. 



save time. Looking at the above diagrammatic figure, A and B 
are two fixed points and C is a point connected to the tool-holder, 
so guided as to move along L M at right angles to A B. A crank 
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DBE, centred at B, has its outer end joined to C, by the 
connecting-rod EC. A second crank A D rotates round A and 
drives the first by having a piu at D which moves in a slot B D. 
Now, when D is at the position G, C will be at the extreme left 
of its stroke ; and when D is at F, C will be at the other end of 
its stroke. Hence, if A D rotates uniformly in the direction of 
the arrows ; will make its cutting stroke from left to right 
while D is moving round GKF; but during its return stroke D 
only requires to move round FHG. The return stroke will 
therefore occupy less time than the cutting stroke in the same 
ratio as the arc F H G is less than the arc GKF. 

Sir Joseph Whitworth applied this principle to shaping 
machines in the manner shown by the next figure, which has the 




Cutting Strolcm 
Return 'Stroka 



Whitwobth's Quick Return Motion fob Shaping Machines. 



same lettering for corresponding parts as the previous one. 
Here, the crank A D is obtained by putting a pin Dona toothed 
wheel which rotates freely on & fixed shaft S, whose centre is at A ; 
and the crank D B E is supported by a pin in a hole bored at B 
in the end of this shaft. In the back of this crank-piece there is 
a slot B D in which D can slide, and in the front another slot B E 
in which E can be clamped in any position so as to adjust the 
length of B E and thus give the required travel to the tool. The 
large wheel is driven uniformly by a pinion P connected with the 
belt pulley.* 

* Students who desire farther information on machine tools such as 
drilling and milling machines or on measuring appliances should refer to 
Professor Shelley's "Workshop Appliances," Professor Goodeve's "Elements 
of Mechanism/' and Lineham's " Text-book of Mechanical Engineering," &c. 
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Wmtworth's Slotting Machine* — The following side 
elevation of Sir Joseph Whitworth & Co.'b slotting machine 
will serve to show how their quick return motion is practically 
applied. The driving stepped cone DC receives its motion 
from a corresponding overhead cone fixed to the workshop 



Slotting Machlkk. 

shafting. Its motion is in turn communicated t.i the com- 
pound crank E B D (just described and illustrated by the two 
preceding figures) through the toothed drivers and followers 
D„ F,; I),, F ; D„ F r The quick up and slov down motion of 
the verticil slide bar V S, with its tool-holder T H, is obtained 
from the compound crank through the connecting-rod C E. The 
table T, upon which the metal to be slotted is bolted, may be 
shifted by hand levers or automatically moved to and fro, crors- 

* The above figure is reduced from a lithographed drawing which 
appears in Mr. Lineham's book on "Mechanical Engineering," to which 
students may refer for further views and details. 
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wise and turned at pleasure, by the feed gearing FG, actuated by 
a ratchet at It. This ratchet has a reversible click of the kind 
illustrated in the previous lecture and it is driven by a red from 
the feed cam FC. The whole of the 
moving parts are supported by a strong 
heavy bed plate, cast in one piece with 
the upright framing so as to prevent 
vibration in the material being oper- 
ated upon or chattering of the cutting 
tool. 

Common Quick Keturn. — Another 
form of quick return very often used 
for shaping and slotting machines is 
based on the mechanism of the oscillat- 
ing steam-engine. A crank A rotates 
uniformly and imparts motion to a 
slotted arm B F. This arm will havo 
its extreme positions at B H and B K. 
It will therefore make its forward and 
back swings while C is moving round 
HDK and KEH respectively, and 
" hence it has the quick return motion 

Common Quick Return desired for the tool. The tool-holder 
pon Slotting Machine, is connected by a rod to such a point 
in B F as will give the required travel. 
Horizontal Shaping Machine. — The following illustration 
shows a shaping machine with this gear for driving the cutting 



SiiAriNO Machine with Quick ketuhn by 
Seliq Sonhenthal & Co., London. 
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tool. The work is fixed in a vice mounted on a table at the front 
of the machine, and this tablet can be moved up and down by a 
rack or screw, and traversed along the bed in either direction, 
backwards and forwards by at screw. The tool-holder moves 
inwards and outwards over this vice and is provided with a 
screw for moving the tool vertically and a worm for adjusting 
its inclination. The gear for driving the tool is actuated by a 
sliding pinion on a shaft which lies along the whole length of the 
back of the machin and is driven by a stepped cone pulley. The 
feed of the tool-holder towards the left or right,, is effected by a 
nut and screw underneath. This screw is worked by a ratchet 
seen to the right, in a similar way to that described for the 
previous machine. 

Quick Return with Elliptic Wheels. — Vertical Slotting 
Machine. — We illustrate another slotting machine which has a 
different method 
of obtaining t a 
quick return. In 
this machine, the 
moving bar is ac- 
tuated by a simple 
crank, but this 
crank is driven 
at different speeds 
for the cutting and 
return strokes by 
the following de- 
vice. One portion 
of the circumfer- 
ence of the wheel 
on the crank-piece 
is part of an ellipse 
A C B, and the 
other, B D A, is 




Elliptic Wheels for Quick Return. 



circular. The wheel for driving this has an elliptical part E C F, 
and a complete circle EHFG. Suppose B and F to be in contact. 
Then, as the lower wheel moves round, the two ellipses keep in 
contact ' until A and E come together. The two shafts thus 
make about half a revolution in the same time. The circular 
wheels now come into gear, and the lower wheel must make one 
and a half turns while the upper rotates through its second half. 
This will bring B and F again into contact and the whole process 
repeats itself. The quicker motion with the elliptical wheels is 
used for the upward stroke and the .slower motion from the 



3 16 LECTURE xxvr. 

circular wheels for the downward or cutting stroke. By looking 
at the side elevation, and at the view of the complete machine, 
it will be seen that the circular parts of the wheels I) B and H G 



are placed to the left of the elliptical parts, BC and CF; and 
how, at each junction B and F of the two portions, one tooth 
stretches right across both of them so as to give a steady connected 
motion. AIko, how the smooth part A K IS of the upper elliptic 
wheel is cut away to clear the point of the other ellipse during 
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those revolutions in which the circles are in gear. From what 
has already been said about the other machines the student will 
easily understand the working of this one. He should, how- 
ever, notice that the moving bar has a counterbalance to relieve 
the gearing from the weight of the sliding bar and to reduce 
driving power required for the upstroke and prevent drop on the 
tool. 
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Lectube XXVI.— Questions. 

i. Illustrate and explain the form of reversing gear you would employ 
for a steam winch in which the engine shaft always runs one way. 

2. Show a method of applying a self-acting motion for reversing the 
motion of the table of a planing machine when a screw is employed for 
driving it. (S. & A. Exam.) 

3. Describe, with a sketch and index of parts, some form of quick 
return gearing suitable for a planing machine, the movement being 
obtained by a combination of pulleys and spur wheels. (S. & A. Exam.) 

4. Sketch and describe an arrangement for driving the table of a planing 
machine by means of a screw, so that the table may travel 50 per cent, 
faster in the return than in the forward or cutting stroke. Why is a 
square threaded screw employed in such a machine? (S. & A. Exam. 
1888.) 

5. Sketch and describe an arrangement of mechanism for reversing the 
table in a screw driven planing machine. In what way can a quick return 
of the table be obtained in such a machine ? (S. & A. Exam.) 

6. Sketch and describe a good form of slow forward and quick return 
for a shaping machine. (S. & A. Exam.) 

7. Describe, with sketches, a planing, a slotting, or a shaping machine, 
showing clearly how the cutting and feeding motions are effected. 

8. Sketch and describe the mechanism for feed motions : — (1) In a 
machine where there is a reciprocating movement, as in a planing 
machine ; (2) where there is a continuous movement, as in a machine for 
boring cylinders. (S. & A. Exam. 1887.) 

9. Sketch and describe a vertical slotting machine with quick return 
elliptical gear. Give a separate diagram and explanation of the elliptical 
gear. 



( 319 ) 



INDEX. 



>> 



»» 



» 



it 



Acceleration, definition of, 241 

due to gravity, 241 
unit of, 241 
Accumulated work, 246 

work in a fly-wheel, 

247 
work in a rotating 
body, 247 
Accumulator, hydraulic, 235-237 
Action and reaction, 3 

„ of the common suction - 
pump, 21 1-2 1 3 
Activity, definition of, 12 
Actual or working advantage, 67 
Air vessel, action of an, 216 
„ „ force pump with, 215 
Angle of repose, 106 

„ „ resistance, 107 
Angular velocity, 241 
Anti-friction wheels, 109 
Applied Mechanics, definition of, 1 
Archimedes, law of, 201-203 
Atmospheric pressure, 204 
Axis, definition of neutral, 282 
Axle, wheel and, 55-57 

compound, 72-74 
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Backlash in wheel and screw- 
gearings, 158 
Back-motion gear in a lathe, 174-185 
Balance, Roman, 35 

„ bent lever, 43 
Balancing fast speed machinery, 

245 
Bales, screw for pressing, 165 

Ballbearings, no, 183 

Barometer, the mercurial, 205 

Beams, bending stresses in, 282 

„ cast-iron, wrought -iron, and 

steel, and girders, 287-289 
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Beams, formulas for rectangular, 
loaded and supported in 
different ways, 284 

pressure on and reactions 
from the supports of, 273- 
275 

relative strength of rectan- 
gular, supported and 
loaded in different ways, 

283 
sections of cast - iron, 
wrought-iron, and steel, 
287 
strength of rectangular, 283 
transverse stress and bend- 
ing moments of, 275-278 
Bear, hydraulic, or portable punch- 
ing machine, 233 
Bearings, ball, no, 185 
Bed or shears of a lathe, 183, 187 
Bell crank lever, 43 
Belt-gearing reversing motions, 122- 

124 
shape of pulley faces 

for, 127 
velocity ratio of pul- 
leys in, 1 19-121 
Belts, brake horse-power transmit- 
ted by, 118 
difference of tension in, 116 
open and crossed, 121 
tendency of, to run on high- 
est parts of pulleys, 127 
Bench vice, screw, 166-167 
Bending moments of beams, 275- 
278 ; of cantilevers, 281 
stresses in beams and 
cantilevers, 282 
Br nt lever balance, 43 
levers, 42 
„ duplex, 43 
Brvnl wheel and clutch reversing 
gear, 309 
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Block and tackle, 65-68 

,, snatch, 65 
Block, Weston's differential pulley, 

74-77 
Boiler plates, large hydraulic press 

for flanging, 227-229 
Bolt, holding down, 156 
Bottle screw-jack, 162-164 
Brake horse-power transmitted by 

belts, 118 
Bramah's hydraulic press, 223-227 

„ leather collar packing, 225 
Bucket pump, combined plunger 

and, 218 
Buttress screw thread, 155 



Cams, 294-298 

Cantilever, definition of, 281 

Cantilevers, bending moments of, 

281 
Capstan, ships, 57-59 
Carpenter's turkus, 44 
Cast-iron beams and girders, 287 
„ „ „ sections for, 287 
Centre of gravity, 28 

„ ,, parallel forces, 26 
„ „ pressure, 201 
Centrifugal force, 243 

„ stress in tiy-wheels, 245 

Centripetal force, 243 
Chains, stresses in, 268 
Change wheels in a lathe, 176-179, 

183, 184, 187 
„ „ reversing plate or 

quadrant, 183, 187 
Chinese windlass, 72 
Circle, definition, of pitch, 131 
Circular discs, velocity ratio of, 130 
Clarke's patent adjustable curve, 

16, 17 
Click, reversible, 299 
Co- efficient of friction, 105, 111 
Cohesion of matter, 256 
Combined lever, screw, and pulley 
gear, 160 
„ plunger and bucket 
pump, 218 
Comparison of loads and sizes of 

beams, 285 
Components and resultant of forces, 

4 
of a force at right angles 

to each other, 84 
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Composition and resolution of forces, 

82-84 > velocities, 241 
Compound, Weems', screw and 

hydraulic jack, 231-233 
Compound wheel and axle, 72-74 
Compressibility of matter, 256 
Compressive stress and strain, 259 
Cones, stepped speed, 124 
Couple, definition of, 25 
Coupling, joint, Hooke's, 293 

„ screw, for railway car- 
riages, 156 
Crab, double purchase, 143, 144 
„ single purchase, 140-142 
Cranes, stresses in various members 

of, 85-89 
Crank, bell, lever, 43 
Cylinder, forming a screw thread 

on a, 149 



D 



Dead load, definition of, 258 
Density of matter, 256 
Differential pulley blocks, Weston's, 

74-77 
Dilatibility of matter, 256 

Discs, velocity ratio of friction cir- 

cnlar, 130 

Divisibility of matter, 255 

Double acting force pump, 218 

„ Hooke's joint, 293 

„ purchase winch or crab, 143, 

144 

„ threaded screws, 157 

Driving belt, difference of tension 

in a, 116 

Ductility, definition of, 257 

Duplex bent levers, 43 



E 



Efficiency, apparatus for deter- 
mining, of screw 
gear, 160 
of combined lever, 
screw, and pulley 
gear, 160 
,, „ a machine, defini- 

tion of, 53 
„ „ screws, 151 

Elasticity, definition of, 258 
„ limits of, 261 

„ modulus of, 262-264 
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Elasticity, safe loads and, 260 

„ table of moduli of, 263 

Elliptic wheels for quick return, 

, 3«5-3i7 
Endless screw and worm-wheel, 168 

Energy, kinetic and potential, 246 

Equilibrant of parallel forces, 25 

Equilibrium, conditions of, in case 

of floating bodies, 

202 

forces in, 3 

graphic demonstration 

of three forces in, 80 

of three equal f orces,83 

Extension of matter, 255 



F 



Factors of safety, 260 
Falling bodies, formulae for, 242 
Feed, silent, 300-302 
Floating bodies, conditions of equi- 
librium, 202 
Fluids, immersion of solids in, 201 
Fly-press, the, 249 
Fly-wheels, centrifugal stress in, 245 
„ „ energy stored up in, 247 
Force, definition of, 1 
„ elements of a, 2 
„ moment of a, 21 

pump, single acting, 213-215 
pump, double-acting, 218 
pump with air vessel, 215 
resolution of a, into two com- 
ponents at right angles, 84 
unit of, 2 
Forces, centrifugal and centripetal, 

243 
in equilibrium, 3 

parallel, 25-28 

parallelogram of, 82 

resultant of, 4 

straight lever acted on by 

inclined, 42 

three equal, in equilibrium, 

83 
triangle of, 82 

two, at right angles, 83 

Friction, angle of, 106 

anti-, wheels, 109 

circular discs, velocity 

ratio of, 130 

co-efficient of, 105, in 

„ definition of, 101 



>> 
» 



»i 



»» 



a 



*> 



>» 



»> 



•» 



11 



tf 



if 



>» 



1? 



I) 



»» 



11 



Friction, heat developed by, 102 

inclined plane with, 110- 

112 
inclined plane without, 93 
laws of, 103-109 
cone reversing gear, 308 
Fulcrum, position of, in a lever, 30 
„ pressure on, and reaction 
from, 25 
Fusee, the, 59-61 
Fusibility, definition of, 258 

G 

Gas pressure gauge, 206 

Gauges, low pressure, and vacuum 

water, 205 
Gear, back motion, in a lathe, 174- 

185 
„ efficiency of combined lever, 

screw and pulley, 160 
„ screw and pulley, 160 
„ starting and stopping, 124 
„ worm-wheel lifting, 170 
Gearing, backlash in wheel and 
screw, 158 
belt, reversing motions, 

122-124 
belt, shape of pulley faces 

for, 127 
pitch of teeth in wheel, 132 
principle of work applied 

to wheel, 135 
velocity ratio of pulleys in 

belt, 1 19- 1 21 
velocity ratio in wheel, 

123 
wheel, in jib cranes, 144- 
146 

Girders, 287-289 
Grain, spiral or screw for moving, 

148 
Gravity, acceleration due to, 241 
centre of, 28 

specific, definition of, 198 
Gyration, radius of, 248 



H 



Head or pressure of a liquid, 193 
Headstock, fast or fixed, of a lathe, 

184, 185 
„ movable, for a common 

lathe, 179, 180 



»> 



»» 



»* 



» 



»» 



>» 



»» 



»» 



»» 



322 



INDEX 



Headstock, movable, for a screw- 
cutting lathe, 181 
Heart-shaped cam, 295 
Heat developed by friction, 102 

„ relation between, and work, 104 
Helix of a screw thread, 148 
Hooke's coupling joint, 293 
„ double „ 293 
„ law, 261 
Horse-power brake, transmitted by 

belts, 118 
definition of, 12 
of working agent, 12 
Hydraulic accumulator, 235-237 
bear, 233 
jacks, 229-233 
machines, 211-239 
press, Bramah's, 223-227 
press, large, 227-229 
Hydraulics, 191-239 
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Immersion of solids in fluids, 201 
Impenetrability of matter, 255 
Inclined forces, straight lever acted 
on by, 42 
plane, the screw as an, 149 
planes, 93-99 

principle of work applied 
to, 97, no, 112 
Indicator, parallel motion for 

Richard'ri, 304 
Intermittent motion, cam for, 296 



Jack, bottle screw, 162-164 
„ traversing screw, 164 
Jacks, hydraulic, 229-233 
Jib cranes, stresses in, 85-89 

„ „ wheel gearing in, 144-146 
Joint, Hooke's coupling or universal, 

293 
„ „ double, 293 

Joule's relation between heat and 

work, 102 

K 

Kelvin's, Lord, wire-testing ma- 
chine, 194 

Kinetic and potential energy, defi- 
nitions of, 246 

Knuckle-joint, 46-49 
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Lathe, back-motion gear of, 174- 
185 
bed of a, 183, 187 
change wheels in a, 176- 

179, 183, 187 
fixed headstock of a, 184, 

185, 187 
leading screw of a, 175, 186 
mechanism in a screw-cut- 
ting, 174-188 
motions of saddle and slide 

rest of a, 176 
movable headstock for a, 

179, 180, 181 
reversing plate for change 

wheels of a, 184, 187 
saddle of a, 176 
Law of Archimedes, 201-203 
„ „ Hooke's, 261 
„ „ Pascal's, 192 
Laws of friction, 103-109 

„ „ motion, Newton's, 241 
Leading screw of a lathe, 175, 186 
Leather collar packing, Bramah's, 

225 
Lever, bell crank, 43 
„ bent, 42 

combined with screw and 

pulley, 1 60 
definition of a, 22 
duplex bent, 43 
position of fulcrum of a, 30 
practical applications of the, 

35-46 
principle of moments ap- 
plied to the, 22 
principle of work applied to 

the, 53 
safety valve, 38-40 
straight, acted on by in- 
clined forces, 42 
when its weight is taken 
into account, 29 
Lifting gear, worm-wheel, 170 
Limiting angle of resistance, 107 

„ stress, 259 
Limits of elasticity, 261 
Linear velocity, 240 

„ „ formulae for, with 

uniform accelera- 
tion, 242 
Liquid, definition of a. iqi 
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Liquid, immersion of solids in a, 201 
, pressure due to head of a, 

193 
„ „ on any immersed 

surface, 193, 195 

„ transmission of pressure by 

a. 192 

Loads, definition of live and dead, 

258 

„ safe, and elasticity, 260 

Lockfast lever safety valve, 39 

Lubrication, 109 

Lumberer's tongs, 43 

M 

Machines, efficiency of a, 53 

„ modulus of a, 53, 136 
Machinery, importance of balancing 

high speed, 245 
Malleability, definition of, 256 
Materials, machine for testing ten- 
sile strength of, 40-42 
„ properties of, 255-264 
Matter, definition of, 1 
Mechanical advantage, 66, 68 
Mechanics, definition of Applied, 1 
Mercurial barometer, the, 205 
Metals, melting points of, 258 
Modulus of elasticity, 262-264 
„ of a machine, 53, 136 
Moment of a force, 21 

„ „ resistance in beams, 283 
Moments, principle of, 21 ; applied to 
the lever, 22 ; applied to 
the wheel and axle, 55 
„ bending of beams, 275-278 
,, cantilevers, 281 
Momentum, definition of, 241, 251 
Motion and velocity, 240 
equations of, 242 
Newton's laws of, 241 
of saddle and slide rest of a 

lathe, 176 
parallel, 302-304 
Motions, reversing, 307-317 ; by 
belt gearing, 122-124 



N 



Neutbal axis, definition of, 282 

„ surface, definition of, 282 
Newton's laws of motion, 241 
Nippers, example of, 45 
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Packing, Bramah's leather collar, 

225 
Parallel forces, centre of, 26 

„ equilibrant and re- 
sultant of, 25-28 
motion, 303, 304 
„ „ Watt's, 302 

Parallelogram of forces, 82 
Pascal's law, 192 
Passive resistance, 101 
Pawl and ratchet wheel, 298 

„ reversible, 299 
Percentage efficiency of a machine, 

63,67 
Pincers, 44 
Pinion, rack and, 132 
Pitch circle, definition of, 131 
„ surface, definition of, 131 
„ of teeth in wheel gearing, 132 
Plane, inclined, with friction, 110- 
112 
„ without friction, 93 
„ principle of work applied to 
the inclined, 97 
Planes of belts and pulleys in belt 
gearing, 125 
„ inclined, 93-99 
Planing machine, 307 
Porosity of matter, 255 
Potential energy, definition of, 246 
Power, definition of, 12 

horse, definition of, 12 
,, transmitted by belts, 
118 
that steel shafting will trans- 
mit at various speeds, 272 
„ units of, 12 
Press, the fly, 249 

hydraulic, Bramah's, 223-227 

„ large, 227-229 

screw, for compressing bales, 

165 

Presses, packing for hydraulic, 225 
Pressure, atmospheric, 204 
centre of, 201 
due to head of a liquid, 193 
low, and vacuum water 

gauges, 205 
on fulcrum of a lever, 19, 

23-25 
on ram of a Bramah's 

press, 226 
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Pressure, on sluice gate, 201 

„ on the supports of a beam, 

273-275 
„ on any surface immersed 

in a liquid, 193, 195 
,, transmission of, by liquids, 
192 
Principle of moments, 21 ; applied 
to the lever, 22, 35 ; to 
the wheel and axle, 55 ; 
to the wheel and com- 
pound axle, 73 
„ of work, 52 ; applied to 
the lever, 53 ; to the 
wheel and axle, 56; to 
the ordinary block and 
tackle, 67 ; to the wheel 
and compound axle, 73 ; 
to Weston's pulley block, 
76 ; to the inclined 
plane, 97 ; to wheel 
gearing, 135 
Pulley blocks and tackle, ordinary, 65 
combined with lever and 

screw, 168 
combined with worm-wheel 

and winch barrel, 168 
faces for belts, shape of, 127 
Weston's differential, 74-77 
Pulleys, 63-65 

arrangement of driving and 
following, in different 
planes, 125 
combinations of fast and 

loose, 122-124 
tendency of belts to run on 

highest parts of, 127 
velocity ratio of, in belt 
gearing, 1 19-12 1 
Pump, combined plunger and bucket, 
218 
„ common suction, 21 1-2 1 3 
„ double acting force, 218 
„ force, with air vessel, 215 
„ plunger force, 2 1 3-2 1 5 
„ rods, tension in, 213 
Pumps, .continuous delivery force, 

without air vessels, 2 1 6 
Punching machine, portable, or hy- 
draulic bear, 233 

Q 

Quadeant or reversing plate for 
change wheels, 183, 187 
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Quantity of motion or momentum, 

241 
Qnlok return cam, 297 

„ common, 314 

„ motion, Whitworth's, 

3" 
„ reversing motion, 310 

„ with elliptic wheels, 
315 



R 



Rack and pinion, 132 

Radius of gyration, 248 

Railway carriages, screw coupling 

for, 156 
Ratchet, masked, 300 

„ wheel, pawl and, 298 
Ratio, velocity, of change wheels in 

a lathe, 176-179 
definition of, 67 
of pulleys in belt 
gearing, 11 9-12 1 
of two friction cir- 
cular discs, 130 
in wheel gearing, 133 
Reaction, action and, 3 

„ from fulcrum of a lever, 

25»3o 
Reactions from supports of beams, 

273-275 
Rectangular beams, strength of, 283 
„ „ relative strength 

of, loaded and 
supported in 
different ways, 

283 
Repose, angle of, 106 
Resistance, limiting angle of, 107 
moment of, in beams, 283 
passive, or friction, 101 
work in overcoming a 

uniform, 6-9 
work in overcoming a 
variable, 8- 11 
Resolution, composition and, of 
forces, 82-84 > of velo- 
cities, 241 
Resolution of a force into two com- 
ponents at right angles, 84 
Resultant and components, 4 

of parallel forces, 25-28 
of two forces at any angle 
with each other, 84 
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Resultant of any nnmber of forces 

acting at a point, 84 
Reversing by friction cones and level 
wheels, 308 
gear, bevel wheel and 
clutch, 309 
friction cone, 308 
quick return, 310 
Whitwortb, 309 
motions, 307-317 
for belt gearing, 122-124 
plate for change wheels, 

183, 187 
Rigidity, definition of, 256 
Rods, tension in pump, 187 
Roller or ball bearings, no, 183 
Roman balance, 35 
Roof truss, stresses in a, 88, 89 
Rotating body, accumulated work 

in a, 247 
Rounded screw threads, 155 

S 

Saddle and slide rest of a lathe, 

176, 185 
Safe loads and elasticity, 260 
Safety, factors of, for materials, 260 

„ valve, 38-40 
Sawing machine, vertical, 301 
Screw bench vice, 166, 167 

combined with lever and pul- 
ley, 160 
-coupling for railway car- 
riages, 156 
-cutting lathe, description of 

a, 180-188 
-cutting lathe, self -acting, 182 
-cutting mechanism in a 

lathe, 174-188 
endless and worm-wheel, 168 
gear, apparatus for demon- 
strating efficiency of, 160 
gearing, backlash in, 158 
-jack, bottle, 162-164 
-jack, traversing, 164 
leading, of a lathe, 175, 186; 
split nut for engaging, 185 
-press for compressing bales, 

165 
or spiral, for moving grain, 148 
„ viewed as an inclined plane, 
149 
Screws, right and left-hand, 156 
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Screws, single-, double-, and treble- 
threaded, 157 
„ strength, durability, and 
efficiency of, 151 
Screw thread, 148 

buttress, 155 
rounded, 155 
forming a, on a cylin- 
der, 149 
square, 154 
Screw threads, characteristics of , 1 5 1 

different forms of, 

151-156 
Seller's, 154 
Whitworth's, 151- 

154 
Shafts, strength of solid round, 270 

Shaping machine, 314 

Shears or bed of a lathe, 183, 186 

Ship's capstan, 57-59 

Silent feed, 300-302 

Siphon, the, 206 

Slide rest and saddle of a lathe, 176, 

185 

Sliding angle, 107 

Slotting machine, vertical, 315 

„ „ Whitworth's, 313 

Sluice gate, pressure on, 201 

Snatch block, 65 

Solid shafts, strength of, 270 

Specific gravity, definition of, 198, 

Speed cones, 124 

Split nut for engaging leading screw 

of a lathe, 185 
Squared paper, 14-17 
Starting and stopping gear, 124 
Steel beams and girders, 287-289 
Steelyard, 35-38 
Stepped speed cones, 124 
Straight levers acted on by inclined 

forces, 42 
Strain, compressive stress and, 259 
definition of, 258 
shearing stress and, 269 
tensile stress and, 259 
Strength of materials, machine for 
testing, 40-42 
„ of materials, ultimate, 259 
Stress, centrifugal, on fly-wheels, 245 
definition of, 258 
intensity of, 258 
limiting, or ultimate strength, 
259 
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Stress, shearing and strain, 269 

„ total, 258 
Stresses in beams due to bending 
moments, 273-278 
bending, in beams and can- 
tilevers, 282 
in chains, 268 
in jib cranes, 85-89 
in simple roof truss, 88, 89 
tensile and compressive, 

259 
Suction pump, common, 21 1-2 13 
Sun and planet wheels, 293 
Supports of beams, 273-275 
Surface, definition of neutral, 282 
definition of pitch, 131 
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Table of melting points of metals, 
258 
„ of moduli of elasticity, 263 
„ of power that steel shafting 
will transmit at various 
speeds, 272 
„ of ultimate strengths of 
materials, 260 
Tackle, block and, 65-68 
Teeth, pitch of, in wheel gearing, 

132 
Tenacity, definition of, 256 
Tensile strength of materials, ma- 
chine for testing the, 40- 

„ stress and strain, 259 

Tension in driving belts, 116 
„ in pump rods, 213 

Testing machine, 40-42 

Theoretical advantage, definition of, 
66-08 

Toggle joint, 46-49 

Tongs, Lumberer's, 43 

Torque or twisting moment, defini- 
tion of, 270 

Transmission of power by belting, 
1 18 j by liquids, 192 

Transverse stresses in beams, 273- 
278 

Traversing screw-jack, 164 

Treadle lathe, self-acting screw- 
cutting, 182 

Triangle of forces, 82 

Turkus, carpenter's, 44 

Twisting moment, 270 



u 



Ultimate strength of materials, 

259 
Uniform velocity, definition of, 240 

Unit of acceleration, 241 

force, 2 

horse-power, 12 

power, 12 

velocity, 240 

work, 6 
Universal joint, Hooke's, 293 
Useful work in a machine, 52 
Uses of squared paper, 14-17 



Vacuum water gauges, 205 
Variable resistance, work done 
against a, 8 
„ velocity, definition of, 240 
Valve, lever safety, 38-40 
V-screw-thread, Seller's, 154 

„ „ „ Whit worth's, 151- 

154 
Velocities, composition and resolu- 
tion of, 241 
„ graphic representation 

of, 241 
Velocity and motion, 240 
angular, 241 
definition of, 241 
linear, with uniform ac- 
celeration, 241 
linear, 240 

uniform and variable, 240 
unit of, 240 

ratio of change wheels in 
a lathe, 176-179 
„ definition of, 67 
„ pulleys in belt-gear- 
ing, 1 19- 12 1 
„ two friction circular 

discs, 130 
„ in wheel-gearing, 133 
Vessel, air, action of an, 216 

„ „ force pump with, 215 
Vice, screw bench, 166-167 

W 

Water gauges, low pressure and 
vacuum, 205 
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Water, useful data regarding fresh 
and salt, 198 

Watt's parallel motion, 302 

Weems* compound screw and hy- 
draulic jack, 231-233 

Weston's differential pulley block, 

74-77 
Wheel and axle, 55-57 

„ „ compound axle, 72-74 
Wheel gearing, backlash in, 158 

in jib cranes, 144- 

146 
pitch of teeth in, 132 
principle of work 

applied to, 135 
velocity ratio in, 1 33 
Wheels, anti-friction, 109 

change, in a lathe, 176- 
I79> '83, 184, 187 quad- 
rant or reversing plate 
for, 183, 187 
fly-, centrifugal stress in, 245 
pawl and ratchet, 298 
sun and planet, 294 
Whitworth's quick return motion, 

reversing gear, 309 
slotting machine, 313 
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Whitworth's V-screw threads, 151— 

154 
Winch barrel, 57 

„ double purchase, 143-144 
,, single purchase, 140-142 
Winch drum combined with pulley, 

worm, and worm wheel, 168 
Windlass, Chinese, 72 
Wire-testing machine, Lord Kel- 
vin's, 194 
Work, accumulated, 246-248 
definition of, 6 
diagrams of, 9 

done against variable resist- 
ances, 8 
done on inclines, 1 10-112 
principle of, 52 
relation between, and heat, 

102 
transmitted by belts, 1 18 
unit of, 6 
Worm-wheel, endless screw and, 168 
and worm combined 
with pulley and 
winch drum, 168 
lifting gear, 170 
Wrought-iron beams and girders, 
288 ; sections of, 287 
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Book I.— THE SURROUNDINGS OF GREEK LIFE : The Land and People - 
The Cities : Arrangement and Plan—The Homeric House — Private Houses : 
Historical Times — The Dress of Men and Women. 

Book II.— RELIGION AND MYTHOLOGY : National and Borrowed Elements in 
Religion— Classification of Myths — Formation of the Pantheon — The Homeric 
and Hesiodic Pantheon — The Pantheon of Historic Times. 

Book III. — CULTUS : Sacred Precincts and Temples— Temple Property — Organisa- 
tion of Religious Societies— Orgiastic Cults — Temple Ritual — Sacrifice — Divination 
and Oracles— The Public Games— The Mysteries — The Attic Calendar. 

Book IV.— THE COURSE OF LIFE: Childhood and Education— Physical Training 
— Daily Life of Men —Travelling — Position and Employments of Women — Treat- 
ment of Disease — Burial and Tombs. 

Book V.— COMMERCE : Agriculture and Pasturage — Manufactures and Professions 
— Commerce and Trade -Routes— The Money- Market and Coins. 

Book VI.— CONSTITUTIONAL AND LEGAL ANTIQUITIES : The Homeric State 
— The Spartan Constitution— Crete— The Constitutional History of Athens — 
Athens : Metics, Citizens, Demes, Tribes ; The Magistrates ; The Boule and the 
Areopagus; The Ecclesia; Finance — The Government of Athens— Attic Law: Pro- 
tection of Life and of the Person ; the Law of Property ; of Inheritance ; Marriage 
Laws — Offences against the State — The Laws of Gortyna — The Judicial System 
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Book VII.— SLAVERY : The Sounces of the Slave Supply— Employment and Treat- 
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Book VIII. — WAR : Armour and Drill — Army Organisation — The Army in the 
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" It is beyond all question the bzst history of Greek literature that has hitherto been 
published. u — Spectator. 
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In Dr. Schrader's great work is presented to the reader a most able 
and judicious summary of all recent researches into the Origin and History 
of those Peoples, Ancient and Modern, to whom has been mainly entrusted 
the civilisation and culture of the world. 

Dr. Schrader's pictures of the Primeval Indo-European Period: — The 
Animal Kingdom, Cattle, The Plant- World, Agriculture, Computation of 
Time, Food and Drink, Clothing, Dwellings, Traffic and Trade, The Culture 
of the* Indo-Europeans, and The Prehistoric Monuments of Europe 
(especially the Swiss Lake-Dwellings), Family and State, Religion, The 
Original Home — will be found not only of exceeding interest in themselves, 
but of great value to the Student of History, as throwing light upon 
later developments. 

Part I.— History op Linguistic Paleontology. 
Part II. — Research by means of Language and History. 
Part III. — The First Appearance op the Metals. 
Part IV. — The Primeval Period. 

'' Dr. Schrader's great work."— Times. 

" Mr. Jevons has done his work excellently, and Dr. Schrader's book is a model of 
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Litter ar. Centralbl. 

" I must confess that, for long, I have read no work which has roused in me so lively 
an interest as Dr. Schrader's. Here all is fresh, living insight, and solid 
well-balanced reasoning."— Willi. Geiger— Deutsche Litteraturzeitung. 

" A most remarkable book."— St(einthal)— Zeitschrift ftir Vdlkerpsychologie un4 
Spraehwissensehaft, 

" Every one who, for any reason whatsoever, is interested in the beginnings of 
European Civilisation and Indo- European Antiquity, will be obliged to place Dr. 
Schrader's book on his library shelves.'*— Qustav Meyer— PhUologiache Woehenschrift. 
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BOTANY. OPEN-AIR STUDIES in BOTANY 

By R. Lloyd Praeger, B.A., M.B.I. A., 7/6 

THE FLOWERING PLANT. By 

Ainsworth Davis, Professor of Biology, 
University College, Aberystwyth. Second 
Edition, 3/6 

HOW PLANTS LIVE AND WORK. 

By Eleanor Hughes-Gibb, . . . 2/6- 

CHEMISTRY. A SHORT MANUAL OF INOR- 
GANIC CHEMISTRY. By Prof. Dupre*, 
F.R.S., and Dr. Wilson Hake. Second 
Edition, 7/6- 
TH E THRESHOLD OF SCIENCE. 
Easy and Amusing Experiments in Chem- 
istry. By C. R. Alder Wright, D.Sc, 
F.R.S., Second Edition, .... 6/ 

GEOLOGY. OPEN-AIR STUDIES in GEOLOGY. 

By Gkenville Cole, F.G.S., M.R.I.A., 
Professor of Geology, Royal College of 
Science for Ireland, 8/6 

{I. PRACTICAL GEOMETRY, 
Second Edition, 3/ 
II. MACHINE DESIGN, . 4/6 

Second Edition. By Principal S. H. 
Wells, A.M.Inst.C.E. 

MAGNETISM & B y Prof - Jamieson, Glasgow and West 
ELECTRICITY °* Scotland Technical College. Fourth 

MECHANICS. Bv Prof - Jamieson. Second Edition,. . 3/6 

TI ^GINE M \ By Prof ' jAMIES0N * FlFTH Edition > • • 3 / 5 

METALLURGY. By Prof. Humboldt Sexton, Glasgow 

and West of Scotland Technical College, . 6/ 

PHYSICS. THE THRESHOLD OF SCIENCE. 

(Heat, Light, By Dr. Alder Wright, F.R.S. Easy 

Photography, and Amusing Experiments. {See above), . 6/ 
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OPEJl-AIlt STDDIES I|l BOTAJlY: 

SKETCHES OF BRITISH WILD FLOWERS 

IN THEIR HOMES. 

BY 

R. LLOYD PRAEGER, B.A., M.R.LA. 

Illustrated by Drawings from Nature by S. Rosamond Praeger, 

and Photographs by R. Welch. 

In Crown 8vo. extra. Handsome Cloth, 7s. 6d. 
Gilt, for Presentation, 8s. 6d. 

General Contents. — A Daisy-Starred Pasture— Under the Hawthorns- 
— By the River — Along the Shingle — A Fragrant Hedgerow — A Connemara 
Bog — Where the Samphire grows — A Flowery Meadow — Among the Corn 
(a Study in Weeds) — In the Home of the Alpines — A City Rubbish-Heap — 
Glossary. 

" A fresh and STIMULATING book . . . should take a high place . . . The- 
Illustrations are drawn with much skill."— The Times. 

" Beautifully illustrated. . . . One of the most accurate as well as 
interesting books of the kind we have seen."— Athenaeum. 

"Redolent with the scent of woodland and meadow."— The Standard. 

"A Series of stimulating and delightful Chapters on Field-Botany."— The 
Scotsman. 

"A work as fresh in many ways as the flowers themselves of which it treats. The 
RICH stork of information which the book contains."— The Garden. 



OPEH-MH STUDIES Ifl GEOLOGY : 

An Introduction to Geology Out-of-doors. 

BY 

GRENVILLE A. J. COLE, F.G.S., M.R.I.A., 

Professor of Geology in the Royal College of Science for Ireland. 
With 12 Full-Page Illustrations from Photographs. Cloth. 8s. 6d r 

General Contents. — The Materials of the Earth — A Mountain Hollow 
— Down the Valley — Along the Shore — Across the Plains — Dead Volcanoes 
—A Granite Highland— The Annals of the Earth— The Surrey Hills— The 
Folds of the Mountains. 

"The fascinating ' Open- Air Studies' of Prof. Colb give the subject a glow or 
animation . . . cannot fail to arouse keen interest in geology."— Geological Magazine. 

"Eminently readable . . . every small detail in a scene touched with a sym- 
pathetic kindly pen that reminds one of the lingering brush of a Con stable."— Nature. 

" The work of Prof. Cole combines elegance of style with scientific thoroughness."— 
Petermanri's Mittheilungen. 

" The book is worthy of its title; from cover to cover it is strong with bracing freshness 
of the mountain and the field, while its accuracy and thoroughness show that it is the 
work of an earnest and conscientious student . . . Full of picturesque touches which 
are most welcome "—Natural Science. 

" A charming book, beautifully illustrated.*'— Athenmum. 
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THE FLOWERING PLANT, 

As Illustrating the First Principles of Botany. 

BY 

J. R. AINSWORTH DAVIS, B. A., 

Prof, of Biology, University College, Aberystwyth. 

Second Edition. Large Crown 8vo, with numerous Illustrations. 3s. 6d. 

" It would be hard to find a Text-book which would better guide the student to an accurate 
knowledge of modern discoveries in Botany. . . . The scientific accuracy of statement, 
and the concise exposition of first principles make it valuable for educational purposes. In 
the chapter on the Physiology of Flowers, an admirable risumi is given, drawn from Darwin, 
Hermann M tiller, Kerner, and Lubbock, of what is known of the Fertilization of Flowers,** — 
Journal of Botany. 



HOW PLANTS LIVE AND WORK: 

A Simple Introduction to Real Life in the Plant-world, Based on Lessons 

originally given to Country Children. 

By ELEANOR HUGHES-GIBB. 

With Illustrations. Crown 8vo. Cloth. 2s. 6d. 

*** The attention of all interested in the Scientific Training of the Young is requested to this 
delightfully fresh and charming little book. It ought to be in the hands of every Mother 
and Teacher throughout the land. 

" The child's attention is first secured, and then, in language simple, yet scientifically 
accurate, the first lessons in plant-life are set before it."— Natural Science. 

"In every way well calculated to make the study of Botany attractive to the young."— 
Scotsman. 



Second Edition. With very Numerous Illustration*. Handsome Cloth, 
Also Presentation Edition, Gilt and Gilt Edges, 7s. 6d. 

THE THRESHOLD OF SCIENCE: 

Simple and Amusing Experiments (over 400) in 

Chemistry and Physics. 

By C. R. ALDER WRIGHT, D. So., F. R. S., 

Late Lecturer on Chemistry, St. Mary's Hospital Medical School. 



" Any one who may still have doubts regarding the value of Elementary 
Science as an organ of education will speedily have his doubts dispelled, if he 
takes the trouble to understand the methods recommended by Dr. Alder 
Wright. " — Nature, 

" Step by step the learner is here gently guided through the paths of Science, 
made easy by tne perfect knowledge of the teacher, and made flowery by the 
most striking and curious experiments. Well adapted to become the treasubed 
friend of many a bright and promising lad." — Mmnchester Examiner. 
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INORGANIC CHEMISTRY 

(A SHORT MANUAL OF). 

BY 

A. DUPRE, Ph.D., F.R.S., 

AND 

WILSON HAKE, PhD., F.I.C., F.C.S., 

Of the Westminster Hospital Medical School. 

Second Edition, Revised. Crown 8vo. Cloth, 7s. 6d. 

" A well-written, clear and accurate Elementary Manual of Inorganic Chemistry. . . <► 
We agree heartily in the system adopted by Drs. Duprtf and Hake. Will make Expbu- 
MBJfTAL Work trebly interesting because intelligible." — Saturday Review. 

"There is no question that, given the perfect grounding of the Student in his Science, 
the remaiader comes afterwards to him in a manner much more simple and easily acquired. 
The w«rk is an example op the advantages of the Systematic Treatment of a 
Science over the fragmentary style so generally followed. By a long way the best of the- 
small Manuals for Students. — Analyst. 



LABORATORY HANDBOOKS BY A. HUMBOLDT SEXTON,. 

Professor of Metallurgy in the Glasgow and West of Scotland Technical College. 



Sexton's (Prof.) Outlines of Quantitative Analysis. 

FOR THE USE OF STUDENTS. 

With Illustrations. Fourth Edition. Crowo 8vo, Cloth, 3s. 

" A compact laboratory quide for beginners was wanted, and the want ha+ 
been well supplied. ... A good and useful book." — Lancet. 



Sexton's (Prof.) Outlines of Qualitative Analysis. 

FOR THE USE OF STUDENTS. 

With Illustrations. Third Edition. Crown 8vo, Cloth, 3s. 6d. 

'* The work of a thoroughly practical chemist." — British Medical Journal. 
" Compiled with great care, and will supply a want." — Journal of Education. 



Sexton's (Prof.) Elementary Metallurgy: 

Including the Author's Practical Laboratory Course. With many 

Illustrations. 6s. 

"Just the kind of work for students commencing the study of metallurgy." — 
Practical Engineer. 
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Professor of Electrical Engineering, The Glasgow and West 0/ Scotland 

Technical College. 



PROFESSOR JAMIESON'S ADVANCED MANUALS. 

In Large Crown Svo. Fully Illustrated. 

1. STEAM AND STEAM-ENGINES (A Text-Book on). 

For the Use of Students preparing for Competitive Examinations. 
With over 200 Illustrations, Folding Plates, and Examination Papers. 
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LECTURE VI. 

CONTENTS. — Magnetic Induction — Definition of Induction — Seoondary 
Induction — In tbe Case of Induction the Attraction always takes place 
between Two Magnets— Action and Reaction are Equal and Opposite 
— Inductive Effects of Like and Unlike Poles — Polarity Reversed, 01 
Consequent Poles produced by Induction — Questions. 

Experiments XV. — Magnetic Induction. — Take a straight 
strip of soft iron (about 10 inches long and about I inch 
broad), and hold it close above some iron filings. No filings will 
be found adhering to the strip. Now lay along the strip a thin 
piece of wood, and on the wood a strong bar magnet of about the 
same length as the soft iron strip. Tie the three together with 
string, as shown by the figure. Again hold the soft iron close 
above the filings, tak- 
ing care that the mag- 
net does not approach 
too near them. This 
time it will be found 
that the iron strip has 

become a magnet, for . 

it attracts some of the 
filings to itself, al- 
though it is not even 
touched by themagnet. 

This peculiarity pos- ^^ Xbon BAK Maonbtibbd i NDOCTIvaLT 
sessed by magnetic BT BAB magnet. 

force, of being able to 

act upon other mo gnoti sable bodies at a distance, is known as 
magnetic induction. 

DEFINITION. — Magnetic Induction is the name given to the 
action and reaction which take place when the magnetic force 
springing front one body makes evident the latent magnetism in 
another body, either, with or without actual contact between the bodies. 

The body from which the force emanates is called the inducing 
body; while that upon which the force acts is called the bodyunder 
induction. 

Strictly speaking, there ought to be an interval or gap between 
the inducing body and the one which is under induction; but it 
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